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CHAPTER 1 INTRODUCTION 

NAVY INTEREST 
The U.S. Navy has had a requirement for long-distance communications from the beginning and it 

is natural that their interest in high-power wireless transmitting systems dates back to the beginning 
of radio. Until only recently, the Navy was still operating some of the very-low-frequency and low-
frequency (VLF/LF) antennas that were constructed not long after the beginning of radio. For 
example, the LF transmitting antenna at Chollas Heights in San Diego, torn down in 1997, dated 
back to 1915. Three of the towers in the VLF antenna at Annapolis are identical to towers in the 
original VLF antenna constructed in 1917. They were added to the original antenna between 1934 
and 1937 as part of an upgrade. The Annapolis antenna was modified in 1969, keeping those three 
towers. The VLF station was closed in late 1997 and the antenna has been demolished. The design of 
high-power VLF/LF antennas has evolved over the years, but the design of the modern antennas still 
leans heavily on the early antenna designs. The existing VLF/LF system is the only visible remnant 
of the Navy�s original radio system constructed at the beginning of this century, and it is appropriate 
that this report begin with a brief review of the history of the Navy�s involvement in radio 
communications. 

A U.S. Navy Lieutenant, Bradly A. Fisk, demonstrated wireless communication in the early 1890s, 
purportedly before Marconi�s famous experiments. He communicated between two ships over a short 
range by winding a coil around the USS Atlanta, making a large electromagnet, and generating a 
signal using interrupted current (Howeth, 1963). The first official Navy message was sent via wire-
less telegraph from a ship to shore in 1899 with Marconi as the operator, and by 1900 the Navy had 
installed Marconi wireless systems on three ships. The same year, after the successful resolution of a 
patent dispute with Tesla, Lt. Fisk was granted an underlying patent to Tesla�s patent describing 
radio control. 

By 1902, the Navy�s first serious wireless broadcast system consisted of a series of shore stations 
established along the East Coast and Caribbean. By 1903, a �Wireless Division� existed in the 
Bureau of Equipment, and by 1906 the Navy had completed a West Coast chain of radio stations. 
Stations were soon established at 23 locations on the East and West Coasts, including Panama, Cuba, 
Puerto Rico, Hawaii, the Philippines, Guam, and the Marianas, providing the world�s first global 
radio broadcasting network (Law, 1985). 

In 1912, the Navy was the first to change the name of its stations from wireless to radio, a term 
later adopted by the entire communications industry (DTIC, 1958). Fisk was a strong proponent of 
radio communication in the early days. Later, however, strong political opposition to the Navy�s use 
of radio for communication arose within the ranking senior officers, and even Fisk as a commander 
joined this large group of senior officers in opposition to wireless1. Nevertheless, the utility of radio 
proved itself, and when World War I erupted, the Navy�s use of radio increased dramatically. 

In the beginning, many of the Navy shore stations were designed to operate in the VLF (10 to 30 
kHz) and LF (30- to 300-kHz) bands, together called the long-wave band at that time. These stations 
used spark gap or arc transmitters, sending hand-keyed telegraphy. The locations and operating 
power rating of the early long-wave stations are provided in Table 1. Several high-power stations 
were built during World War I. Surprisingly, the Navy�s first 1-million-watt long-wave station was 

                                                   
1 Fisk eventually retired as a rear admiral. 
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built in France after the war and commissioned in 1920. The Navy started to build a 4-million-watt 
transmitting system in North Carolina during the war, but did not complete the project until after the 
war (Howeth, 1963). 
 

Table 1-1.  Early U.S. Navy high-power long-wave stations. 

Year Site Call Sign Transmitter Type Power (kW) 

1913 Arlington, VA NAA Rotary Spark 100 kW 

1914 Colon, Canal Zone  Rotary Spark 100 kW 

1915 Darien, Panama 
Canal Zone 

NBA Arc 200 kW 

1916 Pearl Harbor, HI NPM Arc 300 kW 

1917 San Diego, CA NPL Arc 100 kW 

1917 Cavite Philippines NPO Arc 350 kW 

1917 San Francisco, CA NPG Spark 100 kW 

1918 New Brunswick, NJ NFF Alexanderson 
Alternator 

200 kW 

1918 Annapolis, MD NSS Arc 2-500 kW 

1920 Bordeaux, France Radio Lafayette Arc 2-1000 kW 
 

The power stated in Table 1 is the input power to the transmitter, not the power to the antenna. The 
actual radiated power was much less, being reduced by both the transmitter and antenna efficiencies. 
Thus, the transmitters limited the radiated power achieved by the early transmitting systems and the 
simple insulators available at the time were adequate. As time went on, the technology developed for 
higher power transmitters and the amount of power that could be radiated began to be limited by the 
capacity of high-voltage insulators in the antenna systems. 

Most of the early long-distance communication and broadcast systems operated in the VLF and LF 
bands. For example, in 1920 the Dutch built a rather famous large VLF facility (PKX) in the Dutch 
East Indies at Malabar, on Java, for communication back to Holland (De Groot, 1924). The antenna 
was a large valley span type and had both arc type and alternator type transmitters. The U.S. Navy 
later built similar valley span antennas at Haiku, HI, Trinidad Island (for the Omega navigation 
system), and Jim Creek, WA. The site at Jim Creek was constructed in the early 1950s and is still 
operational today. In 1924, the British opened a large VLF station at Rugby capable of worldwide 
communication by radiotelegraph. 

The Navy originally used VLF/LF transmitters to communicate with ships at sea. However, with 
the development of submarines, VLF/LF communications provided a capability to communicate with 
submerged submarines because the attenuation of VLF/LF radio waves by seawater supports 
underwater reception to moderate depths. VLF/LF also supports long-range communications because 
the earth and ionosphere form a waveguide for propagation in this frequency range. The refraction 
height for VLF/LF waves is in the middle to upper-D region of the ionosphere, 70 to 90 km above 
the earth. Solar flares and nuclear events increase the conductivity of the D region.  VLF/LF 
propagation is not affected much by solar flares or nuclear events, which do affect communications 
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in the HF range. In fact, when these events occur, the propagation in the VLF/LF range actually 
improves, whereas for higher frequencies the waves must pass through the D region, and the 
increased conductivity resulting from nuclear or solar events greatly increases the signal attenuation. 

Prior to World War II, the U.S. Navy had built a large VLF transmitting system at Annapolis MD 
and a valley span VLF transmitting system at Haiku on the Hawaiian Island of Oahu. These VLF 
systems provided reliable long-range communications to ships and submarines. Following the war, 
the VLF/LF system was expanded to support worldwide communications. During the 1950s, a set of 
LF stations was developed to fill in the communications gap (skip zone) that often occurs at HF when 
a ship is within 300 miles of a shore broadcasting station. During the same period, the Navy built a 
large valley span VLF antenna at Jim Creek, WA, just north of Seattle, to expand the communication 
capability to submarines. 

As the Cold War began to heat up in the early 1960s, the Navy built huge, nearly antipodal, 2-
megawatt VLF stations at Cutler, ME, and the Great Northwest Cape in Western Australia. In the late 
1960s to early 1970s, the Navy undertook to upgrade the existing VLF stations at Annapolis and 
Lualualei, Hawaii, replacing the antennas.  In both cases the antenna system was cut back due to 
financial pressures resulting from the conflict in Viet Nam.  All these stations are still in operation, 
even though the available bandwidth is limited, because VLF/LF is still the only affordable technique 
for long-range communications to submerged submarines. Bandwidth is limited because VLF/LF 
antennas are necessarily electrically small antennas due to the long-wavelengths of VLF and LF 
signals. In the late 1980s and early 1990s, the U.S. Navy investigated blue-green optical 
communication from satellites to submarines, but an operational system was never developed due to 
the high projected operating cost. 

At one time, the U.S. Navy operated over 30 LF and VLF transmitting stations around the world. 
The insulators used in many of these antennas were modified power distribution insulators. As time 
went on some manufacturers provided special-purpose radio frequency insulators because there was 
a significant market composed of the many commercial high-power broadcast stations.  For example, 
the replacement antennas at both Annapolis and Lualualei had base insulators, fail-safe guy 
insulators and feed-through bushings manufactured by Lapp Insulator Company of Leroy, NY.  
However, not long after going operational the base insulator at Annapolis cracked leading to concern 
that the 1200� tower might collapse, either there or at Lualualei, which has 2-1500� towers.  Both 
systems were turned off and a High Voltage Test Facility was constructed at Lualualei using the 
transmitter and helix augmented by two outside coils and an air capacitor.  This facility was designed 
and operated by Andy Smith who had returned to the Navy Electronics Laboratory (now SSC San 
Diego) (Smith, 1973).  Continental designed and built a new base insulator assembly which was 
tested at the facility at Lualualei and then used to replace the base insulators there.  It was difficult to 
get access for testing once Lualualei went operational and the test facility was eventually dismantled.     

As new communication systems developed, the market for costly high-power broadcast systems 
decreased, reducing the number of commercial suppliers of high-power broadcast components. At 
the same time, problems started to develop with the Navy�s VLF/LF insulators, cables, and other 
high-voltage hardware that had been operating continuously for 20 to 30 years. Thus, the supplies of 
adaptable commercial components for use with Navy high-power transmitters decreased at the same 
time that the components in Navy systems needed to be replaced. Direct replacements were not 
available for much of the hardware because most of the manufacturers were either out of business or 
no longer making the same materials. This was a serious problem because the Cold War was in full 
swing and the VLF/LF system was the main link to submarines deployed as a component of the 
strategic triad. 
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Because of these issues, the Navy started a VLF/LF high-voltage research program in the early 
1980s. The goal of the research program was to develop replacement parts and identify a way to 
increase the reliability of the VLF/LF transmitting stations. During the same period, the Air Force 
operated its own LF system for fail-safe communication to strategic bombers and agreed to a joint 
program with the Navy to fund the research. The program involved setting up a High-Voltage Test 
Facility (HVTF) at the site of the original Omega navigation system test station, Forestport, NY, and 
operated by the Air Force�s Rome Air Development Center. The new test facility was designed by 
Andy Smith based on his experience with the Lualualei test facility (Smith 1980, 1981, 1982, 1986). 
A description of the Forestport HVTF is given in Chapter 5, with additional background and history 
provided in Appendices 5A and 5B. 

At the same time, the U.S. was being forced by politics and financial pressure to close many 
foreign bases. Many of our overseas communications stations were closed and some of the remaining 
ones were upgraded to make up for the loss of coverage. Transmitter technology improved and older 
transmitters were sometimes replaced with newer, higher power ones without upgrading the 
antennas. This led to some serious insulator problems. Because of these and other problems caused 
by the aging of high-voltage components, a large portion of the Navy�s VLF/LF high-voltage 
program was dedicated to solving operational problems.  

Nevertheless, over the course of the several years of operation of the high-voltage program, the 
Navy conducted fundamental research on high-voltage design, with a focus on nuances associated 
with VLF/LF. It soon became clear that in the early days of radio and the Navy�s VLF/LF system, 
designers primarily used information available from the power distribution industry. Computers were 
not available and extensive use was made of rules of thumb, simplified formulas, and large safety 
factors to ensure that the antennas would operate at high voltage. At some sites, the transmitters were 
replaced with new, higher power transmitters, and often the voltage limits of the antenna insulators 
were exceeded. It became obvious there was a need for more accurate knowledge of the voltage 
limits for insulators and other high-voltage hardware. 

Professor Kreuger of Delft University of Technology in the Netherlands, in his book Industrial 
High Voltage (Kreuger, 1991) states that there are two things needed for high-voltage design. One is 
an accurate knowledge of the electromagnetic fields around an object, and the second is accurate 
information of critical field levels that cannot be exceeded. He states that �nowadays the first is 
readily available with the advent of modern computer technology but the second is not so easy to 
find.� When the Navy�s High Voltage project began, neither was readily available. As a first step to 
improve high-voltage design, the Navy funded a Canadian group to develop a computer program to 
calculate electrostatic fields. That group has now become one of the world�s leading suppliers of 
electromagnetic solver computer programs. 

So as time passed, tools were developed to identify the important parameters governing high-
voltage designs for VLF/LF. Many fundamental experiments were conducted at Forestport, usually 
piggybacked on some other research effort, to try to understand the high-voltage design problem and 
develop design techniques. Additional data were obtained from measurements on specific pieces of 
hardware during testing prior to installation at some station. During this period, knowledge gained 
from the high-voltage program was used in the design of several new high-power LF stations. The 
knowledge developed by the high-voltage design facility led to the successful design of numerous 
pieces of high-voltage hardware. These are now in use at the Navy�s remaining VLF/LF stations (10 
in all). These hardware items include base insulator assemblies (BIA), tower lighting isolation 
transformers (TLIT), guy insulators, span insulators, feed through bushings, tuning inductors 
(helices), and interconnecting bus systems.  
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The method defining the design process is conceptually simple in that we determine the voltage 
limit experimentally for a given hardware component. This is not as easy as it sounds because there 
are many failure mechanisms and test conditions under which high-voltage tests must be conducted. 
The critical electric field strength that results in each kind of failure is determined from the measured 
breakdown voltage and the calculated electric field strengths. We have found that the corona onset 
voltage for VLF/LF is nearly the same as for 60 Hz, but the wet flashover voltage can be drastically 
different. In addition, we have found that there is much more power in corona, or any other 
breakdown phenomena, at VLF/LF than at 60 Hz. In general, due to these findings, the design 
principle for VLF operation is to operate without corona, unlike at 60 Hz where operation in corona 
is often tolerated. Consequently, many of the efforts described below concentrate on the 
determination of the critical electric field for corona onset under specific conditions. 

The Air Force completely closed down its LF system in 1995 and had terminated all research work 
several years earlier (see Appendix 5A and 5B for background and history of the Forestport site). The 
Navy closed the test facility at Forestport in September 1996 but has recently completed a similar 
facility at the Naval Radio Transmitting Facility at Dixon, CA. Much of the high-voltage design 
work mentioned above was done under pressure to solve operational problems, and there was little 
time or funding available for documenting results. Therefore, during the interim, while the new 
facility was being developed, we have undertaken to document the findings and high-voltage design 
concepts obtained at Forestport. 

ELECTRICAL BREAKDOWN OF AIR 

Description 
The electrical breakdown of air is caused by the presence of high electrical field strengths between 

charged conducting surfaces separated by air. When the electric field becomes strong enough, the 
molecules of air become ionized, forming plasma resulting in an electrical discharge. During 
electrical discharges, the plasma (ionized air) becomes a good conductor and produces heat, visible 
light and often audible noise. 

For the case of a uniform electric field such as occurs in the gap between parallel plates, as the 
voltage between the plates is increased, eventually a voltage level will be reached such that a sudden 
spark will jump across the gap without any preliminary discharge; this is called breakdown of the 
gap. For this case, since the field is the same all the way across the gap, the ionized plasma (spark) 
propagates all the way across the gap (flashover), forming a conductor, which in effect shorts out the 
gap. 

When the electric field is highly non-uniform, such as the field around a wire above ground, the 
field around the center conductor for co-axial geometry or the field at the top of a pole above a plane, 
a different effect occurs. In this case, the strong localized field causes the air to breakdown in a con-
strained region near the electrode. However, the field falls off away from the electrode and a spark 
cannot propagate across and short out the gap. This localized breakdown or discharge is called 
corona, after the bright ring of light around the sun, and can be observed visually as a faint bluish-
white glow given off by the ionized gases. A sizzling or hissing noise and the distinctive odor of 
ozone often accompany corona. The magnitude of the voltage when corona is first observed is called 
the critical or onset level. As the voltage is increased above that level, the intensity of the observable 
effects increases. 

1-5 



Chapter 1 Introduction  VLF/LF High-Voltage Design and Testing 

Man-made electrical discharge often occurs in high-voltage systems, such as power distribution 
systems and high-power radio transmission systems. For most of these high-voltage systems, corona 
is undesirable for a number of reasons. Corona consumes power. Corona causes ultraviolet radiation 
and produces chemical byproducts (formed in corona and bombardment by energetic ions) that cause 
the deterioration of nearby materials (e.g., insulation and conductors). Corona discharge induces 
nonlinear currents in the antenna, which generate radio frequency interference. Corona generates 
sounds that can be irritating. It follows that knowledge of the factors involved in corona formation 
and how to prevent it are important high-voltage electrical equipment design considerations. 

History 
Electrical breakdown of air has been observed since early times, in the form of lightning and Saint 

Elmo�s Fire, which is a glow that sometimes appears about ships� masts, flagpoles, and other high 
structures, most often during stormy conditions. Saint Elmo�s fire is corona that forms about the 
sharp objects in the large electrical field that naturally occurs beneath charged clouds. It is rare, but 
such high fields and the resulting corona can occur even when there are no visible clouds. 

Ben Franklin�s experiments with electricity culminated in the famous kite-key experiment said to 
�discover� electricity in June 1752. Coulomb was probably the first to record the fact that air itself is 
conductive in about 1795.  He proposed that all materials have a limit above which they will conduct 
electricity (Lyubimov, 1983).  Not until around 100 years later was it discovered that particles of 
molecular size carrying charge, i.e., ions, were the source of this conductivity. J.J. Thomson at 
Maxwell�s Cavendish laboratory measured the charge-to-mass ratio for an electron. This helped 
make it clear electrical current is mostly carried by electrons in a gas. Beginning in 1900, J. S. 
Townsend, a student of J.J. Thomson, discovered the laws pertaining to ionization and electric 
discharge in a uniform electric field. This work developed the foundations of our understanding of 
electrical discharges in gases. 

Much of the early work on electrical breakdown and corona was motivated by the development of 
the electric power industry. Early in that development, it became clear that high-voltage transmission 
lines were desirable because line losses were inversely proportional to voltage. Consequently, there is 
a large body of literature describing observed corona and arc-over phenomena at 50 to 60 Hz, 
including many proposed theories of corona formation. There is much less information available for 
the VLF/LF range. Much of the VLF/LF information was gathered just after the turn of the century, 
driven by the desire to build very high-power radio stations. The earliest investigations in the 
VLF/LF frequency range noted the greatly increased power dissipated in corona and the other 
breakdown phenomena over that at power line frequencies of 50 to 60 Hz. Because of this, the 
deleterious effects of corona increase at higher frequencies. 

DC and 60-Hz Investigations 
The nature of the electrical breakdown of air is very complicated, and the study of it has resulted in 

a very large body of literature. The references used directly in the text are given in a Reference 
section at the end of the book.  The literature in this area is extensive and there are many other 
references that we reviewed in the process of this effort.  Most them are listed in a bibliography 
section also at the end of the book. In particular, there have been extensive investigations of corona 
and flashover at DC and 50 to 60 Hz in support of power distribution. 

Townsend (1915), one of J.J. Thomson�s students, made some of the early contributions to the 
understanding of electrical discharges in gases. This was followed by Loeb (1939, 1941, 1961, 1965), 
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Llewellyn-Jones (1957), and Cobine (1958). All these writers contributed materially to the 
understanding of the processes of electrical breakdown. Morgan and Morrow (1978) of the 
Commonwealth Scientific and Industrial Research Organization (CSIRO) at Sydney, Australia, 
provide a description of the effects of positive and negative DC, as well as 25- to 60-Hz AC 
potentials on corona onset and power loss. Meek and Craggs (1978) give an excellent summary of 
the important results included in the extensive literature on the investigation of electrical breakdown 
of gases up to that time. 

F. W. Peek of the General Electric Company did early practical work leading to practical high-
voltage design formulas. Peek produced a series of papers, (1911, 1922, 1927) on the law of corona 
and the dielectric strength of air. Most of his work was at power distribution frequencies near 60 Hz. 
He made measurements of the power dissipated in corona as a function of frequency in this range.  
He presents a formula for power dissipated in corona indicating it is proportional to frequency (Peek, 
1929). 

Fundamental work was also done in the former Soviet Union. For example, Aleksandrov (1957) 
provided a detailed account of observations and theoretical models to describe DC and AC corona at 
50 Hz in cylindrical test facilities over a range of conductor diameters. Bogdanova and Popkov 
(1959, 1960) used a stroboscopic camera and radio noise sampler to investigate the details of corona 
within the cycle period at 50 Hz as the voltage is increased above corona onset. Similar to the earlier 
work of Peek (1929), they found a distinct difference between the character of the corona on wires 
during the positive and negative half-cycles. The negative corona consists of small tufts scattered 
along the wire, and positive corona consists of a dim uniform sheath as well as positive streamers. 
Negative corona has the lowest onset voltage for the wire diameters used and generates very little 
radio noise. As the voltage is increased above onset, the position of dominant corona current flow 
shifts toward and then into the positive half-cycle, similar to the effect of moving into the high-
frequency region discovered by Kolechitskii (1967). 

Bogdanova and Popkov found that the interfering radio emission on conductors of practical 
dimensions is created mainly during the positive half-cycle, when the positive corona has the form of 
local streamers. They also discovered that the positive streamers and hence radio noise can be 
drastically reduced by increasing the negative corona currents. This is done by putting smaller radii 
of curvature objects such as small bumps, hemispheres, or spheres on or near the surface, causing 
negative corona current to flow. The flow of negative corona current results in a sheath of positive 
ions, which shields the surface during the positive half-cycle, reducing or eliminating positive 
streamers. They suggest that a practical method for the application of this technique to power 
distribution systems would be to wind a thin wire in a spiral around the main current carrying 
conductor. 

The impact of atmospheric humidity and wire surface moisture on corona onset and gap 
breakdown has been a difficult problem, with experimental data at times giving apparently 
conflicting results. Kuffel (1961b) has provided additional insight into this problem at power line 
frequencies. Normally, one might expect that the corona onset potential would decrease with 
humidity because the density of water vapor is less than that of air. However, the onset potential has 
been observed to increase for many conditions. For example, Kuffel shows a breakdown voltage 
increase of about 5% for gaps of 0.5 to 2 cm when the humidity was increased from 0 to 18 mm Hg. 

The effect of humidity seems to vary with gap length. There have been unexpected variations 
noted for gap lengths in the region of 1 to 2 cm. Abdel-Salam (1985) has added further information 
on the impact of humidity. He shows significant increase in the ionization coefficients as well as 
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electron attachment coefficients as humidity increases. These two coefficients are key factors in 
determining the electrical breakdown fields. Calculations based on his model show that the corona 
inception voltage decreases with increasing relative humidity for thin wires (0.004 cm radius) while 
it increases for thick wires (1.4 cm radius). The effect of humidity on non-uniform field gaps is also 
discussed in Meek and Craggs (1978, p. 420). 

The increase in corona onset voltage obtainable from bundled conductors has been treated by 
Miller (1956). More recent treatments of bundled conductors are given by Trinh et al. (1973), who 
consider voltages of up to 1100 kV. Hansen (1992) developed an accurate approximate formula to 
give the gradient on bundles (cages) of conductors. 

Radio Frequency Investigations 
There have been many investigations of both gap breakdown and corona formation at power 

distribution frequencies. A lot less literature exists on RF breakdown and corona, though some work 
has been done, primarily to develop design data for high-power transmitting systems. Heinrich Hertz 
was possibly the first to generate RF discharges, which occurred during his pioneering experiment to 
demonstrate the transmission and reception of radio waves. He discharged a spark gap connected 
across a resonant dipole antenna. Current flows through the discharge when the gap fires. This 
current exponentially rings down at the resonant frequency of the antenna. Later, continuously driven 
RF discharges were produced by Nicolai Tesla shortly before the beginning of the 20th century, using 
the self-resonant coil circuit that bears his name. The first investigations into radio frequency 
breakdown date back to the early days of radio. Algermissen (1906) measured spark voltages for ball 
gaps at frequencies in the megahertz (MHz) range using damped oscillations and found that the 
flashover voltage increased for frequencies above 1 MHz. Whitehead and Gorton (1914) investigated 
corona between 60 and 3000 Hz and found that the critical voltage decreased by as much as 3 to 4 
percent at 2 kHz from that at 60 Hz. They also found some significant differences in the nature of the 
corona. For example, they found that thin wires would oscillate physically when in corona at the 
higher frequencies but not at 60 Hz.   

Alexanderson (1914) also did some measurements at 100 kHz as did Clark and Ryan (1914). Ryan 
and Marx (1915), of Stanford University, studied RF corona at frequencies from 50 to 200 kHz. They 
found little if any frequency effect for the breakdown of a uniform field gap, but for non-uniform 
field gaps they found the breakdown (flashover) voltage to be much less at RF than at 60 Hz. They 
also found a large difference in the appearance of the corona at RF versus 60 Hz: �The radio 
frequency corona appeared to be very active, it was quite brilliant and noisy and gave off an 
appreciable amount of heat.� (Ibid. p 354) They also observed that a needle-point was rapidly melted 
and burned by RF discharge. These differences between 60 Hz and RF corona are due to the much 
larger power dissipated in corona at RF. 

In the early 1920s, W.W. Brown (1923) used a 200-kW Alexanderson alternator to develop design 
criteria for high-voltage insulators at VLF frequencies (18 to 28 kHz). Peek did most of his work at 
power distribution frequencies near 60 Hz but he reports one test at 100 kHz, using the Alexanderson 
alternator, where corona losses were measured (Peek, 1929, p. 211). Of note is the early work on the 
power dissipated in corona done by Ryan and Henline (1924). They describe the hysteresis 
characteristics of corona and present some of the early work on calculating corona power. They 
investigated the frequency effect, although only in the range of power line frequencies, and found the 
power dissipation in corona increased approximately proportional to frequency. Schuman (1923) also 
published valuable measured breakdown data at power distribution frequencies. Goebler (1925) 
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measured the breakdown voltage in air between plate and ball electrodes at frequencies between 86 
kHz and 120 kHz and found no frequency dependence. 

Several investigators in the late 1920s and 1930s pushed the frequencies for corona experiments up 
to a few MHz (Meek & Craggs, 1978, chapter 8). Reukema (1928) provided data showing that the 
flashover voltage for ball gaps reduces with frequency up to about 15% at 60 kHz and then increases 
again at higher frequencies. Kampschulte (1930) and Lassen (1931) made measurements on the 
breakdown of non-uniform field gaps in the frequency range 50 Hz to 100 kHz. 

As time went on, the technology for generating higher frequencies developed, and the investigation 
of electrical discharge at these frequencies followed. Seward (1939) presents data on electrical 
breakdown of air for frequencies from 50 to 900 kHz measured at the University of Liverpool. In this 
study, a reduction of up to 10% in the flashover voltage between spherical electrodes was observed. 
The reduction was approximately proportional to frequency for the lower frequencies, and flattened 
out as 1 MHz was approached. For needle points, ionization in the form of brush discharge always 
occurs before flashover, and a much larger frequency effect was observed, again flattening out as the 
frequency approached 1 MHz. In this case, the ratio of the flashover voltage at 900 MHz to that at 60 
Hz was approximately 3.2. Seward suggests that this reduction in breakdown voltage is due to space 
charge buildup caused by slow-moving positive ions and suggests that the mechanism causing the 
buildup should be proportional to frequency.  

In general, all these investigators found that the breakdown voltage is lowered more for non-
uniform field gaps than for uniform field gaps. For breakdown between spheres or plates, several 
investigators reported a critical gap length below which the breakdown voltage was independent of 
frequency. The critical gap length is shorter for increasing frequency and corresponds roughly to the 
travel time for a positive ion across the gap during a half-cycle. Thus, the reduction at higher 
frequencies is assumed to be due to space charge buildup and the resulting field enhancement. 

Other important contributions to the effect of frequency on corona in the VLF and LF frequency 
range were made by Smith and Gustafson (1961) at the Navy Electronics Laboratory, and Watt 
(1962) and A.N. Smith (1963) at DECO Electronics in Bolder, CO. These contributions were made 
in support of the development of the expanded U.S. Navy�s VLF/LF broadcast system. Smith (1963) 
made extensive measurements of corona on wires at VLF and LF at various elevations from 5,000 
feet to 14,000 feet.  These measurements indicated that negative corona started first for small wires 
(< No. 18 AWG) and positive corona started first for larger wires (> No. 10 AWG).  Smith�s data 
shows that phase of the initial discharge pulses depends upon whether the discharge is positive or 
negative and how much the voltage is above the onset level.  The reduction in corona onset voltage 
as a function of frequency reported by Smith (1963) is 5% for 15 to 20 kHz, 9% for 25 to 30 kHz and 
14% for 45 to 60 kHz, consistent with Reukema (1928).  

Of special interest is the work by Kolechitskii (1967), who made extensive, well-instrumented, 
measurements of corona on wires at frequencies between 10 and 100 kHz, with a few measurements 
at higher frequencies (probably in support of upgrading the USSR�s VLF/LF transmitting systems). 
Kolechitskii also made measurements at 50 Hz using the same test setup. Corona onset was 
determined by monitoring the waveform of the current flowing through the gap and noting when 
corona current pulses started to flow. At VLF/LF the glow of the corona jacket at onset was observed 
to be much brighter than at 50 Hz and corresponded with corona current initiation. Koletchitskii said 
that �. . . at high frequencies the corona onset voltages can be determined quite reliably from the 
glow around the conductor.� We have found this to be true as well. 

Several interesting findings of Kolechitskii are described below: 
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1. He states that the onset voltage is practically independent of frequency up to 67 kHz and that 
Peek�s formula applies for clean, smooth dry conductors. However, his data show a decrease in 
the critical surface electric field for VLF/LF of up to 5 % from that at 50 Hz, depending upon 
frequency and wire diameter. The difference was greater for larger wire diameters and lower 
frequencies. Some of the reduction was attributed to surface irregularities due to imperfect 
grinding. It was also observed that contamination such as dust or oil deposits decreases the 
onset voltage by 10 to 15%. 

2. He found that the corona extinction voltage at VLF/LF was lower than at 60 Hz, and the 
difference was greater at higher frequencies.  

3. He notes a difference in the visible nature of the corona at onset, and correspondingly the 
corona current waveform, as frequency increases. The phenomena can be divided into a low-
frequency effect, a high-frequency effect, and a transition region. It is important to note that 
the frequency where this transition takes place is a function of the wire diameter, starting at 
lower frequency for larger wires. 
a. In the low-frequency effect region, the corona appears as a thin sheath near the wire, 

corresponding to the corona observed at DC for negative polarity (negative corona). When 
the voltage and current waveforms are examined, it is observed that the corona current 
flows for a small portion of the cycle near the peak of the negative half-cycle.  

b. In the high-frequency effect region, the initial corona consists of individual or clusters of 
thin branching channels having a length much greater than the wire diameter. These 
correspond to the corona streamers observed at DC for positive polarity (positive corona). 
In this case, examination of the voltage and current waveforms indicate that corona 
currents flow for a small portion of the cycle just after the point where the voltage crosses 
from negative to positive. These channels or clusters have an intact base on the wire and 
are spaced along the wire a distance somewhat greater than their length. They also tend to 
move about, around, and along the wire.  

c. In the transition region between the low-frequency region and the high-frequency region, 
both types of corona can be seen to some degree. 

Thus, when the frequency is well below the critical frequency, the negative onset voltage has a 
magnitude less than the positive onset voltage, and corona first starts to appear near the peak of 
the negative half-cycle. The corona observed in this case is similar to the corona observed with 
negative DC voltages. When the frequency is well above the critical frequency, the positive 
onset voltage is less than the magnitude of the negative onset voltage, and positive corona 
appears first. 

As the frequency is increased toward the critical frequency, a point is reached where both the 
positive and negative corona has the same onset voltage and both types appear. As the 
frequency is increased further, positive corona starts to form at a slightly lower voltage than 
negative corona. When this happens, the positive corona current starts after the voltage goes 
positive, at a point between the positive going zero crossing and the maximum positive 
voltage. As frequency is increased, this point moves toward the zero crossing. When it reaches 
the zero crossing, this marks the critical frequency and the transition to the high-frequency 
region. 

4. Kolechitskii has empirically determined a critical frequency, dependent upon wire size, that 
defines the start of the high-frequency region, given by 
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f =
r rcr + ⋅298.

where r is the wire diameter in cm.  
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5. Kolechitskii determined that when operating in the high-frequency region, the corona region
around the wire was at a distinctly higher temperature than when operating in the low-
frequency region. 

The most recent work at VLF/LF has been done at the Navy�s Forestport HVTF. (Smith, 1986) 
including measurements of corona power loss (Watt & Hansen, 1992). There has also been re

where the partial discharge technique has been applied to RF applications. In this work partial 
discharge was found to initiate at lower voltages at RF and caused considerably more damage than
60 Hz, again due to the increased energy in the discharge at RF (Plessow & Pfeiffer, 1987).  

There are many references to work done at higher frequencies than VLF/LF given in Meek an
Craggs (1978, chapter 8). Of particular note is the work by Pim (1949), giving breakdown in air 
versus gap length for parallel plates at frequencies from 300 kHz to 100 MHz. For small gaps, the 
breakdown voltage is nearly the same as at 60 Hz. However, as the gap is lengthened, a critical 
length is encountered at which the breakdown voltage decreases somewhat with increasing gap 
length. This is believed to be due to ion mobility being slow enough to allow space charge build
within the gap. For a given gap length, the amount of space charge buildup is greater at higher
frequencies. The presence of water is known to decrease positive ion mobility (Chalm

). Thus, the presence of moisture would tend to decrease the frequency at which a given gap 
experiences space charge buildup. This effect is believed to be part of the explanation for the 
variability and general decrease in observed corona onset voltage at VLF/LF. 

frequencies. Olsen and 
emphasis in the VHF/UHF range.  

SUMMARY 
Unfortunately, the data given in the literature describing the frequency effects of electrical 

breakdown are often confusing and sometimes misleading. Some of the problems with th
from difficulties with measuring environmental factors in the early days. Some are caused by not 
accounting for humidity. Some are due to voltmeter calibration errors. For example, the earlier 
measurements used ball gaps to measure the voltage, and these are subject to numerous 
environmental factors and frequency effects unknown at the time. Some inconsist

om the proximity of other conductors, which cause the actual onset field in the experiment to be 
different than that calculated by simple geometry. Anomalies also are caused when the air is 
contaminated with blowing snow in the winter or dust and pollen in the summer. 

All these factors can change the apparent corona onset values, and some of them are freque
dependent. For example, small wire diameters (1 cm and above) appear to be much less sensitive to 
surface and whether conditions than larger cables. The effect of humidity at the higher frequencies is
not the same as at power line frequencies, which has led to much of the confusion about the 

equency effect. In addition, residual ionizing sources or materials can appear to reduce onset values
at higher frequencies. Another source of confusion is that the frequency variation of corona onset is 
very different than it is for flashover due to space charge buildup at the higher frequencies.  
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Most available data indicate that VLF/LF corona onset occurs at nearly the same, or within a f
percent of, the voltage at power distribution frequencies. However, the RF flashover voltage
quite often greatly reduced over that at power distribution frequencies. This has led to much 
confusion about the differences between 60 Hz and VLF/LF high-voltage effects.  

There were no data indicating the effect of humidity on the corona onset levels at VLF/LF. A 
limited amount of data on the corona onset levels for rain or spray wet conditions had been 
developed in conjunction with insulator tests over several years at the Navy�s Forestport HVTF. 
Although hum

ew 
s are 

idity investigations were not a specific part of these tests, we observed that �dry� 
measurements could not be made accurately following wet tests. If the test cell was wet, even though 
the test piece was dry, the onset voltages were significantly reduced, indicating that increased 
humidity decreases the onset of breakdown at VLF/LF. This is the opposite of the effect at DC and 
50 to 60 Hz. 
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CHAPTER 2 THEORY OF ELECTRICAL BREAKDOWN 

INTRODUCTION 

Simple Geometric Configurations 
Electrical breakdown of air or other gases occurs when the electric field exceeds the breakdown 

(dielectric) strength of the gas. Accurate knowledge of the electric field is required to analyze and 
understand the levels at which breakdown phenomena occur. The original experiments were done 
before the advent of the computer. The experimenters used simple geometric configurations having 
analytic solutions for the electric field to determine the breakdown strength of gases. 

This chapter discusses the original experiments and the theories that were derived from them. In 
order to understand the results and implications of these experiments, it is important to understand 
the electric fields for these configurations. This chapter starts with a discussion of the electric fields 
for simple electrode configurations. Chapter 4 has a more thorough discussion of the calculation of 
electric fields, including more complicated configurations for which analytic expressions for the 
fields exist and the use of computers to calculate the fields for configurations for which analytic 
solutions do not exits.  

It is important to understand that the electric fields are all calculated assuming no space charge. 
Thus, these fields apply to the condition before breakdown or where no charged particles are present. 
After breakdown, space charge is generated, which can significantly modify these fields.  

Uniform Field Gap 

The simplest configuration is that of parallel plates.  For locations not near the edges, the field is 
uniform between the plates. An example of this configuration is shown in Figure 2-1A. The critical 
dimension is the distance between the plates, sometimes referred to as the gap length, denoted by l. 
The electric field within the gap is given by the voltage difference between the plates V, divided by 
the gap length l: 

  l
VE =

        Volts/meter. (2-1) 

 

A. UNIFORM FIELD GAP 

l 

B. ISOLATED SPHERE 

a

C. SPHERE OR CYLINDER ABOVE GROUND 

a 

S 
h 

 

Figure 2-1.  Canonical configurations. Simple geometric configurations. 
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Isolated Sphere  

Most configurations do not have uniform fields. For these configurations, the maximum electric 
field is the most important parameter for determining the breakdown limit. Breakdown is also a 
function of the rate at which the fields fall off away from the electrode. Note that the maximum field 
always occurs on the surface of the electrode. The simplest configuration having non-uniform fields 
is a charged sphere in free space. A drawing of this configuration is shown in Figure 2-1B. For this 
configuration, the electric field outside the sphere is given everywhere by:  

  R
VE =

       volts/meter for R > a  
  where V is the potential on the sphere relative to free space, 

R is the distance from the center of the sphere and  
 a is the radius of the sphere. 

Substituting the radius of the sphere into the above equation gives the electric field on the surface of 
the sphere: 

  a
VE =

 (2-2) 
Sphere above Ground 

The configuration of a sphere above ground is shown in Figure 2-1C. Two dimensions define this 
configuration, the radius of the sphere, a, and the height above ground, h. The dimension S, the 
separation between the ground and the sphere, S, is sometimes used instead of h. The formula for this 
case is given in Equation 2-3. The form of the equation is similar to Equation 2-2, although the 
solution is not so simple because the function G (h/a) is an infinite series.  The method of calculating 
the charges and fields for a sphere above a ground plane is derived in Chapter 4 and the results are 
plotted in Figure 4-3. 

  
)/(

1
ahGa

VE ⋅=         volts/meter, for R = a (2-3) 

Infinite Cylinder above Ground 

The configuration of an infinitely long cylinder, parallel to and above a ground plane, has a simple 
expression for the field on the surface of the cylinder. This configuration is also illustrated in Figure 
2-1C. Similar to the sphere, the important dimensions are the radius of the cylinder, a, and the height 
of the center of the cylinder above the ground, h. The maximum field occurs on the bottom of the 
cylinder, and when the cylinder is well above ground, it is given by Equation 2-4. 

  
)/2ln(

1
aha

VE ⋅=   (2-4) 

The general fields for this configuration are also derived in Chapter 4. 

Summary 
The maximum electric field on the electrode is summarized for the four simple geometric 

configurations in Table 2-1. The last two cases, the sphere and cylinder above a ground plane, are 
respectively equivalent by image theory to opposing spheres or cylinders in free space, with equal 
and opposite voltages on them.  
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The examples given above illustrate the fact that the general expression for the electric field at a 
point on the surface of any object can be written as (see Chapter 4): 

  ,
)/(

1
bhGb

VE ⋅=   (2-5) 

 where b is a dimension that defines the size of the object such as the radius of the sphere or  
     cylinder in Equations 2-2, 2-3, and 2-4. 

The units for the electric field are volts per unit length, which arise due to the first term in 
Equation 2-4. The second term in Equation 2-4, the function G (h/b), has no units and depends only 
on the ratio of the dimensions defining the configuration. 
 

Table 2-1. Electric field formulas for simple geometric configurations. 

Configuration Important Dimensions Electric Field Formula Figure  

Uniform Field Gap Length    l 

l
VE =

 

2-1 A 

Isolated Sphere  Radius    a 

a
VE =

 

2-1 B 

Sphere above ground Radius    a 

Height    h )/(
1

ahGa
VE ⋅=  2-1 C 

Cylinder above 
ground 

Radius    a 

Height     h )/2ln(
1

aha
VE ⋅=  2-1 C 

 

There are two cases shown in Table 2-1 where there is only one defining dimension. The first is 
the uniform field gap, defined by the length of the gap, l, and the second is the isolated sphere, 
defined by the sphere radius, a. For both of these cases, the function G is a constant equal to 1. 

In the other two examples shown in Table 2-1, the sphere above ground and the cylinder above 
ground, there are two defining dimensions. In such a case, G is strictly a function of the ratio of those 
two dimensions. 

The results are similar if there are more than two defining dimensions. For example, a toroid above 
ground has three defining dimensions, which are the major and minor radii of the toroid (a and b) and 
the height (h). For this case, the function will be a function of two ratios G (h/a, h/b). For other cases, 
with n defining dimensions, G will be a function of n-1 ratios. 

For any configuration, the field at a point can be written in the form of Equation 2-5. This is a very 
useful result, because it means that the field is known when the dimensions are scaled. For example, 
suppose configuration one has a field E1 for a given voltage V1. Configuration two is the same except 
that all the dimensions have been multiplied by a scale factor S and has an applied voltage V2. The 
following derivation uses the fact that the field at any point is given by Equation 2-5. 

  
)/(

11
1 bhfb

VE ⋅=  

  
)/(

12
2 bhfbS

VE ⋅
⋅

=  

 2-3



Chapter 2 Theory of Electrical Breakdown  VLF/LF High-Voltage Design and Testing 

Taking the ratio of these two equations, it follows that  

  
SV

V
E
E

⋅
=

1

2

1

2   (2-6) 

This knowledge of how the field changes as the dimensions are scaled, expressed in Equation 2-6, 
is important and will be applied later on in this chapter. 

BREAKDOWN IN UNIFORM FIELDS 

Paschen’s Law 
One of the earliest discoveries regarding the electrical breakdown of gases is Paschen�s law, 

discovered by Paschen (1889). This law, in its simplest form, states that for a given gas the 
breakdown voltage across a uniform field gap is a function of the product of gas density times gap 
length. For convenience we use the relative gas density δ, which is the absolute gas density divided 
by the absolute gas density at a standard pressure and temperature (STP). For dry air and STP of 20° 
C and 760 mm Hg, the absolute air density is 1.205 kilograms/cubic meter, while for STP of 25° C 
and 760 mm Hg, absolute air density is 1.185 kilograms/cubic meter. At STP, δ = 1 (Chapter 3, esp. 
Equation 3-1). 

Using relative gas density, Paschen�s law can be written as: 
  ( )V f ls = ⋅δ   (2-7) 

  where Vs is the breakdown or sparking voltage, 
     δ is the relative gas density, and 
      l is the gap length (Figure 2-1A). 

The function f depends on the particular gas and must be determined empirically. Plots of f are 
called Paschen curves. However, because f is a function only of δ·l, a single series of measurements 
with varying gap spacing, taken at one density, defines the breakdown strength of the gas for a wide 
range of densities and gap lengths. Similarly, a single series of measurements with one gap length but 
varying density defines the breakdown strength of the gas for a wide range of densities and gap 
lengths. Paschen�s law has been verified experimentally, over wide ranges of temperature and 
pressure for many gases, including air. There are gases where Paschen�s law is not strictly obeyed, 
but they are unusual exceptions.  

For most gases, the deviation from Paschen�s law occurs at very high and very low density. In air, 
Paschen�s law has been shown to be true over a range of density far wider than occurs in the earth�s 
atmosphere. The upper limit of Paschen�s law in air is approximately 10 atmospheres. The lower 
limit occurs when the pressure is so low that the probability of collision between an electron and an 
air molecule within the gap is small. This corresponds to a vacuum and means that most electrons 
cross the gap without colliding with anything. Thus, the lower limit is a function of pressure and gap 
length. For practical gap lengths, Paschen�s law remains valid until the pressure reaches a vacuum 
with pressures less than 1 torr (1 mm Hg).  

The breakdown voltage for gases is generally plotted as a function of δ·l. Figure 2-2 shows 
measured data for the uniform field breakdown strength of air (Paschen curve) plotted in this manner. 
The Paschen curves for most gases are similarly shaped and include a minimum, which for air is 327 
volts. The presence of this minimum has unusual consequences. When the voltage is less than this 
minimum, a spark cannot form in a uniform field gap, no matter how small the gap or what the air 
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density. When δ·l is less than the minimum the spark discharge will take place over the longer of 
two paths because the breakdown voltage is less for the longer path (see Figure 2-2). The reason for 
the minimum is discussed in the section on Townsend�s Theory below.  

Even a few parts per million of impurities, such as aerosol water droplets, dust, or pollen can 
significantly reduce the effective dielectric strength of a gas because of field distortion caused by the 
particles or by charge buildup on the particles. The addition of small amounts of other gases such as 
water vapor, sulfur hexa-fluoride, or freon can also significantly alter the dielectric strength of a gas. 
For example, the addition of 5% sulfur hexa-fluoride increases the dielectric strength by 10%, while 
the addition of 30% sulfur hexa-fluoride increases the dielectric strength of air by a factor of two. 
The addition of other components changes the gas composition, and therefore the function f changes. 
Thus, determination of the function f for one gas gives no information about that function for a 
different gas.  
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Figure 2-2.  Paschen’s law, breakdown of air in uniform field gaps. 

Similarity 
Dimensional analysis often reveals similarity relationships, which are useful in understanding 

complicated problems having a relatively large number of experimental variables. It is based on the 
fact that any relationship between physically measurable quantities must have consistent dimensions. 
It follows that these relationships can be reformulated in terms of non-dimensional quantities over 
the range of validity. The number of such non-dimensional quantities is smaller than the number of 
variables, and often experimental or theoretical relationships can be more easily understood when 
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expressed in terms of these quantities. MacDonald has an excellent description of this theory, 
including a proof of the reduction in the number of variables (MacDonald, 1966, pp. 7�13). 

Paschen�s law is an example of a similarity relationship. This law expresses the breakdown voltage 
between parallel plates as a single curve a function of δ·l instead of families of curves parametric in 
δ or l (Figure 2-2). Because f is a function only of δ·l, it defines a similarity relationship (sometimes 
called similitude). For this application, two situations are �similar,� i.e., have the same breakdown 
voltage, if they have the same value for the parameter air density times gap length (δ·l).  

As previously mentioned, this similarity relationship allows one to relate measurements taken at 
one air density to measurements taken at a different air density. For the case of parallel plates, this 
relationship is very simple, defined by Equation 2-1, which gives the sparking (or breakdown) 
voltage as a function of δ·l. For example, a gap of length l1 was determined to breakdown at a 
voltage V1 with relative air density δ1. The breakdown field is given by Ec1 = V1/l1. This can be 
related to a measurement made at another density using Equation 2-1 as follows. 

The sparking or breakdown voltage is unchanged when the product δ·l remains the same. Thus 
given another density δ2, then the length of gap l2 that would breakdown at the same voltage is 
defined by: 
  δ1 · l1 = δ2 · l2 
  or  
  l2 =  (δ1/δ2)·l1. 

It is important to note that even though the breakdown voltage for these two cases is the same, the 
gap length, and therefore the electric field at breakdown, is different, given below: 
  Ec2 = V1/l 2= Ec1 · (δ2/δ1). 

For example, if the density were increased by a factor of two, similarity implies that the sparking 
voltage will be the same if the gap length is half, and therefore the electric field is double the original 
value.  

This relationship is useful for relating measurements of the sparking voltage made at one gas 
density to the sparking voltage at some other gas density. For example, measurements taken at 
ambient temperature are often converted to values that would occur at standard temperature and 
pressure. For this application, the first density (δ1) is the relative density for the measurement and the 
second density (δ2 = 1) is the relative density at standard temperature and pressure. 

The similarity relationship derived from Paschen�s law applies only to the case of a uniform field. 
However, it can be generalized, as will be shown later. 

Townsend’s Theory 
Residual Ionization 

The electrical breakdown of air is a process that ionizes the air. The amount of ambient ionization 
present before breakdown is an important part of this process. There are several natural causes of the 
ionization of air, such as cosmic rays, local radioactivity, and ultraviolet photons. These produce ions 
and electrons, which cause the air to be slightly conductive, and which can reduce the electrical field 
strength required for breakdown. Ionization rates versus elevation above the earth�s surface are 
shown in Figure 2-3. The rapid production of ion pairs near the earth�s surface is caused by the 
radioactivity of the earth and can cause the air conductivity to be relatively low there. At about 10 
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meters above sea level, the ionization rate is about 10 ions per cubic cm per sec and the residual 
ionization is about 1000 ions per cubic cm (Pierce, 1958). 

The magnitude of the atmospheric conductivity at DC varies from about 2⋅10-14 mhos/meter at the 
earth�s surface to 10-4 mhos/meter at heights of 80 km and even greater in the ionosphere, as shown 
in Figure 2-4 (Clark & Kraakevik 1958, pp. 61 & 75; Watt 1967). The effective conductivity for 
radio frequency is somewhat different because it is a function of frequency and in some cases the 
earth�s magnetic field. 
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Figure 2-3.  Effective conductivity of the earth’s atmosphere. 
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Figure 2-4.  Atmospheric ionization rates over land. 

Velocity 

In a vacuum where there are no collisions, the velocity of a charged particle subjected to the force 
caused by an electric field increases continuously until relativistic effects take over. In a relatively 
dense gas, collisions play an important role and limit the velocity the charged particle can achieve. 
For this case, it has been found that heavy ions acquire a constant mean velocity (sometimes called 
drag velocity or mobility) that depends on the field, the pressure and the nature of the ions and the 
gas (Papoular, 1965). The kinetic theory of gases indicates that the collisions cause the velocity to be 
strictly a function of (E/d), where E is the electric field and d is the density of the gas (often stated as 
pressure but actually density). This is because the velocity of an ion increases until the drag force 
equals the accelerating force due to the electric field. The collision rate is proportional to the gas 
density. For low intensity values of E, the resistance for heavy ions is proportional to the collision 
rate and the resulting drift velocity is directly proportional to (E/d). At higher values of E, the 
resistance increases and eventually the asymptotic velocity becomes proportional to (E/d)1/2 (Raizer, 
1991, Chapter 2). For convenience, these functions can be reformulated in terms of (E/δ), where δ is 
the relative gas density compared to a standard temperature and pressure. 

Electrons have much less mass than ions and therefore have much larger mobility. Nevertheless, 
their velocity in a gas is also a strict function of (E/δ); but because of their small mass it approaches 
(E/δ)1/2 at much lower field intensity. Numerous experimental results have confirmed this theory to 
first order (Papoular, 1965, p. 94; Cobine, 1958, p. 37). 

Electrical Breakdown 

If the field strength applied to the gas is large enough, the gas begins to ionize and significant 
current starts to flow. This is called electrical discharge through the gas, or breakdown, which can be 
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divided into two general types, self-sustained and non-self-sustained. The non-self-sustained 
discharges are �dark,� usually generating no visible light. The transition to a self-sustained discharge 
is called a spark and usually occurs very suddenly. A non-self-sustained discharge requires that there 
be continuous residual ionization (free electrons) present in the gas. Normally, this ionization occurs 
due to radiation or the photoelectric effect from external light sources. A non-self sustained discharge 
will be eliminated when the source of ionization is removed. A self-sustained discharge generates its 
own ionization and will continue even when the residual ionizing effect is removed. 

Parallel Plate Experiment 

If a DC voltage is placed across a set of parallel plates, a uniform electric field is set up between 
them. When a conductive medium is between the plates, electric current flows between them. For air, 
this current is carried by the residual ions in the air. The observed current varies in a predictable way, 
with voltage as shown in Figure 2-5. The upper curve is for a higher level of residual ionization. At 
very low voltages, the current is linear with voltage. However, as the voltage increases, the current 
eventually levels off at a constant value, known as saturation, such that further increases in voltage 
do not increase the current. However, the voltage eventually reaches a point where the current starts 
to increase exponentially (multiplication). Eventually a voltage is reached where the current starts to 
increase at a more rapid rate than exponential (meta-exponential). Slightly above this level, sparking 
(flashover) occurs with corresponding light emission and noise. 
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Figure 2-5.  Townsend current growth. 

The discharge process is generally divided into three regions T0, T1, and T2 after J.S. Townsend, 
who conducted early and extensive investigations of these phenomena at the Cavendish laboratory. 
Townsend developed a theory that explains much of the observations. (Cobine,1958, p. 143, 
Townsend, 1915). We further subdivide these three regions as follows: (T0A) linear, (T0B) saturation, 
(T1) exponential, (T2A) meta-exponential, and finally (T2B) breakdown (see Figure 2-5). 
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It is interesting that if another source of ionization such as ultraviolet or a radioactive source is 
used to introduce primary electrons, the saturation current increases but the breakdown voltage 
remains the same. In addition, the current that flows in the Townsend discharge regions, T1 and T2, 
ceases as soon as the external ionizing source is removed and hence is not a self-sustained discharge. 
When the voltage reaches the critical or sparking voltage, Vs, the current increases very rapidly and a 
spark occurs followed by one of the types of self-sustaining discharges, such as a glow or arc 
discharge. The nature of the self-sustained discharge depends on the characteristics of the discharge 
path and the impedance of the electric circuit.  

Linear Region 
In the first region, the current is linearly proportional to voltage, which results from the ion 

velocity being proportional to the E field. Assuming a uniform distribution of residual ionization 
within the gap, the number of ions reaching an electrode is directly proportional to this velocity, 
which is proportional to the E field, which is proportional to the voltage across the gap. This remains 
true as long as the rate of collection of the ions is less than the rate that they are created within the 
volume of the gap. 

Saturation 
The second region, saturation, corresponds to the situation where the velocity is fast enough to 

collect all the ions created within the gap volume. For this case, an equilibrium condition exists such 
that the ions are collected by the plates at the same rate they are created within the gap volume. The 
saturation current (io) is limited by this rate. Figure 2-5 shows curves for two different saturation 
currents, corresponding to two different residual ionization rates. For example, when the majority of 
residual ionization is generated by light striking the plates the current will be proportional to the light 
intensity. This is the phenomenon that causes the operation of a photoelectric tube. Figure 2-5 shows 
that the sparking or flashover voltage is the same for the two different cases. Thus, the flashover 
voltage is independent of the saturation current and hence the residual ionization rate. 

Multiplication (Exponential) 
As the electrons move across the gap, they collide with the oxygen, nitrogen, and other molecules 

in the air. Most of these collisions are elastic collisions, and the electron loses only a small part of its 
kinetic energy in a collision. However, as the field strength increases, the velocity of the electrons 
increases, causing non-linear reactions during collisions. Occasionally, an electron may strike an 
atom sufficiently hard that excitation occurs and the atom shifts to a higher energy state, with a 
corresponding loss of kinetic energy for the electron. The excited atom reverts to its normal state 
later by releasing one or more photons. Sometimes the atoms are excited into a nearly stable (meta-
stable) excited state that lasts considerably longer (10-3 sec) than the normal lifetime (10-8 sec). 

At higher field strengths, the electron velocity can attain a velocity great enough to free another 
electron during a collision with an atom or molecule. The field strength is strong enough such that 
between collisions an electron can accumulate energy equal to or greater than the ionization potential 
of the atoms and molecules in the air. This marks the beginning of the third region, electron 
multiplication. At this field strength, some collisions �liberate� electrons, resulting in two slow 
electrons. The field accelerates the liberated electrons, which strike other atoms or molecules, thus 
repeating the process repeatedly. This results in an exponential growth (avalanche) of electrons (and 
corresponding positive ions). 
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Avalanches are the primary mechanisms of electrical breakdowns in gases and have been the 
object of considerable study (Townsend, 1915). The currents in avalanches can be observed as small 
impulses with very fast raise times, called Trichel pulses after another of J.J. Thomson�s students 
(Trichel, 1938). Electron avalanches have been photographed using the Wilson cloud-chamber 
technique, which causes water droplet condensation on the charges in the avalanche (Raether, 1964). 
They are cone-shaped and, because of electron dispersion, have a hemispherical head similar to an 
ice cream cone (Raizer, 1991, p. 331). A conceptual diagram of one of these avalanches is shown in 
Figure 2-6. Note that as the electrons travel across the gap, they leave behind slower positive ions. 

 

Figure 2-6.  Shape and charge distribution of an electron avalanche. 

The collisions in the avalanches create new ion-electron pairs. This is known as field-intensified 
ionization, which enables the current to increase beyond the saturation-level current. In a uniform 
electric field, the number of ions grows exponentially with the distance the electrons travel. 
Townsend found it convenient to characterize these phenomena in terms of the number of ions 
formed per unit path length along the field, as (α cm-1). This is called Townsend�s primary, or first, 
ionization coefficient. 

Under these conditions, the average current increases above the saturation level and is given by: 

   i i e l= ⋅ ⋅
0

α

  where  i is the total current, 
     i0 is the saturation current, 
     α is the first Townsend coefficient, and 
     l is length of the gap. 

The value of α can be determined from the slope of the curve in the T1 region on a log-log plot. 
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This coefficient, α, is proportional to the number of collisions per centimeter of travel of the 
electron, which is just the inverse of the mean free path length, λ (cm). It is also a function of the 
energy obtained by the electron in that distance, which is equal to the electric field times the mean 
free path length: 

   
α λ

λ
=

⋅f E( )
. 

Townsend was able to show that the ionization in T1 region is due to electrons acting alone. He 
discovered that in intense electric fields, the electrons do not attach themselves to neutral particles to 
form ions and therefore electrons must be the sole source of ionization in the T1 region discharge. 

Townsend�s derivation and most textbook discussions use the parameter pressure, and assume a 
standard temperature. However, the correct parameter is gas density. For convenience, we have 
converted these equations into a form that uses normalized or relative gas density. 

Since the mean free path is inversely proportional to relative gas density, δ, the ionization 
coefficient can be expressed as: 

  
α
δ δ

= ⎛
⎝⎜

⎞
⎠⎟

f E
.  

Townsend found that a smooth continuous curve was generated when measured values for the ratio 
α/δ are plotted as a function of E/δ, for a wide range of δ and E. This verified that the equation is true 
and that all the factors involved are accounted for by the equation (Cobine, 1958, p148). Using the, 
then newly developed elementary gas theory (Loeb, 1927), Townsend was able to derive a theoretical 
form for the function f(E/δ): 

  
α

λ
λ= ⋅

−
⋅1 e

V
E

i'

 
  where Vi� is the effective electron ionization potential for the gas molecules in electron-volts. 

Townsend adjusted the values of the constants so that the values of α/δ fit the experimental results 
over a limited range. An ionization potential of 25 volts gave the best fit to experimental data for air 
at STP. This is considerably higher than currently accepted values and is probably due to his 
assumption that the probability of ionization is zero when electron energy is below Vi� and unity 
when electron energy is above Vi�. Townsend used several simplifying assumptions in this 
derivation, including (1) electrons are the sole source of ionization, (2) electrons do not gain energy 
by collision, (3) the field is strong enough so that electrons always move in the direction of the field, 
and (4) the probability of ionization is zero for energies less than the ionization energy (eVi�) and 
unity for greater energies. These assumptions are not correct. However, this simple theory was quite 
successful giving results that agreed well with measurement over limited ranges. This success is 
probably due to compensating effects in the assumptions (Cobine, 1958, p. 150). 

Townsend�s equation is normally rewritten as shown below, where p is pressure in Torr, while A 
and B are constants that are dependent on the type of gas. 

  α = ⋅ ⋅
−

⋅

A p e
B p

E   (2-8) 

Measured results are available for the values of A and B in various gases (e.g., Cobine, 1958, p. 
149, Raizer, 1991, p. 56). For air at 20° C, they are commonly given as: 
 A = 14.6 cm-1⋅Torr -1 and B = 365 V⋅cm-1⋅Torr -1. 
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The equation for α can be converted into terms of relative density, δ, for standard conditions. 
Assuming STP, defined by T = 20° C, and p = 760 Torr, and substituting for pressure gives: 

  α δ
δ

= ⋅ ⋅ ⋅
−

⋅⋅ ⋅⋅

A e
B

E760
760

 . 

Figure 2-7 shows a plot of α versus δ using the above values of A and B in air, for two fixed 
values of E. Note when E is fixed, there is an optimum density at which α is maximum. This occurs 
because at high density the mean free path is short and therefore only a little energy can be absorbed 
between collisions. As a result, little ionization takes place. At low density, the mean free path is 
large and an electron can absorb adequate energy for ionization, but the probability of striking a gas 
molecule becomes small and little ionization takes place. In between, the ionization rate increases 
and reaches a maximum where the energy absorbed and the probability of collision balance out to 
maximize ionization.  

Stoletow (1890) had observed this effect at about the same time as Paschen�s law was discovered. 
Stoletov found that if the gas pressure in a photoelectric tube is varied, there is a pressure for which 
the current reaches a maximum. His experiments resulted in the following expression for the 
optimum pressure: 

  
P E

m =
372 . 

This expression can be derived from Townsend�s equation for α by setting the first derivative 
equal to zero, giving: 

  
P E

Bm =
. 

The theoretical derivation of this expression was one of the early successes of the Townsend 
theory (Cobine, 1958, p. 152). 

The value of E/δ at the minimum of the Paschen curve corresponds to Stoletov�s point, where the 
electron multiplication factor, α, is maximum (Raizer, 1991, p. 134). 

 2-13



Chapter 2 Theory of Electrical Breakdown  VLF/LF High-Voltage Design and Testing 

0

20

40

60

80

100

120

140

160

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

RELATIVE DENSITY 

A
LP

H
A 

(io
n 

pa
irs

 / 
cm

) 

10 kV/cm 

20 kV/cm 

 

Figure 2-7.  Theoretical value of Townsend’s first coefficient versus relative air density. 

The Townsend equation for the primary ionization coefficient is usually written in a form showing 
that α/δ is a function of only E/δ as follows: 

  δ

δ
α /

760

760 E
B

eA
⋅

−
⋅⋅= . 

So far, we have only talked about the processes that cause additional free electrons to occur in the 
gas. There are processes that remove electrons from an avalanche as it travels across the gap 
(capture). An electron can collide with a positive ion and recombine, converting the ion to a neutral 
atom. There are atoms and molecules that have an affinity for electrons and can easily form negative 
ions. A gas containing these types of particles is termed electronegative. Several types of atoms and 
molecules found in air, including oxygen, hydrogen, water vapor, the halogens and their compounds, 
are electronegative (Raizer, 1991, p. 63, Naidu & Kamaraju, 1995, p. 15). The negative ions, thus 
formed, cannot obtain enough velocity to contribute to the avalanche, except in extremely high 
fields; therefore, any electrons captured by such ions are effectively removed from the avalanche. 

The rate of capture (η) is small in air. For example, in normal atmospheric conditions, an electron 
might make 2 x 105 collisions before capture (EPRI, 1982, p. 170). The capture rate is only weakly 
dependent on the electric field. 

For electronegative gases, like air, where absorption is important, the effective primary Townsend 
coefficient is the difference between the multiplication rate and the capture rate: 
  

ηαα −=eff
. 

The parameter α is a strong function of the magnitude of the electric field, increasing rapidly with 
the field strength. It has been shown experimentally that for a given gas, α/δ depends only on E/δ 
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(similarity) (Papoular, 1965, p. 111). The absorption rate (η) obeys the same similarity law (Raizer, 
1991, p. 64). Both can be determined empirically and a plot of them for air at STP is given in Figure 
2-8 (Sarma & Janischewskyj, 1969). Note that below a certain value of E/δ, α is less than η. For this 
case, αeff is negative and electron multiplication does not occur, hence breakdown cannot occur. For 
air at STP, this corresponds to about 24.4 kV/cm, as seen in Figure 2-8, which defines the true 
fundamental dielectric strength of air. Various authors give slightly different values (24.1 to 24.6) for 
this parameter. Some of the variation of this parameter is due to differences in the definition of STP. 
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Figure 2-8.  Ionization and attachment coefficients of dry air at 20° C. 

Meta-exponential 
As the voltage increases further, the current starts to increase more rapidly than exponential, soon 

becoming self-sustaining, i.e., not depending on the residual ionization. Townsend reasoned that this 
occurred when the field became strong enough so that the residual positive ions obtained enough 
velocity to free an occasional electron from the cathode on impact. This provides an additional or 
secondary source of electrons to avalanche. 

Processes that create more free electrons as a result of the primary avalanche process are called 
secondary processes. It turns out that secondary processes are more complicated than Townsend 
originally thought, and occur throughout the gas. However, they are most important at the cathode, 
since free electrons created there can avalanche across the entire gap. When secondary emission at 
the cathode is taken into account, the steady discharge current is given by: 

  
( )}{i i e

e

l

l
=

⋅

− ⋅ −

⋅

⋅

0

1 1

α

αγ
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  where γ  is the number of secondary electrons created at the cathode per 
     ionizing collision in the gap. 

The parameter γ  can be interpreted as the probability that a free electron occurs in the vicinity of 
the cathode due to the secondary processes resulting from any given ionizing collision. The emission 
of an electrode at the cathode, secondary emission, arises in several ways, including positive ions 
colliding with the cathode, photons impacting the cathode, and meta-stable atoms interacting at the 
cathode. All of these are produced in the gas by electron collisions. The coefficient, γ, is known as 
Townsend�s second or secondary ionization coefficient, and can be thought of as the combination of 
the three respective components (positive ion, photons, and meta-stable atoms): 
  γ γ γ γ= + +i p m

 . 

It can be shown that the secondary ionization coefficient obeys the same kind of similarity 
relationship as the primary ionization coefficient, namely that it is a function of E/δ. 

Breakdown 
As long as the denominator of the above equation for discharge current is positive, the current is 

not self-sustaining. That is, the current only exists because of the fundamental ionization source of 
electrons and is limited by that process. Setting the numerator equal to zero results in: 

  ( )γ αe l⋅ − =1 1  (2-9) 

or since eα·l  >> 1 the equation is sometimes rewritten as 

  . 11 =⋅ ⋅αγ e

This is known as Townsend�s criteria for spark breakdown. It corresponds to the electric field 
reaching a level for which any electron released by the cathode produces enough primary ionization 
so that the resulting secondary processes result in at least one additional electron being released by 
the cathode. When this condition persists, the discharge is self-sustaining, no longer requiring an 
outside source of ionization. The current can increase until a limit is reached, which is determined by 
the impedance of the circuit and the power dissipated in the plasma (Alston, 1968, p. 26). 

From physical considerations, the secondary-ionization coefficient is a function of a number of 
factors, including the material, the surface condition, contamination, and the electric field in the 
immediate vicinity of the surface. However, the breakdown voltage is relatively insensitive to the 
value of gamma (Sarma & Janischewskyj, 1969, p. 164). Thus, the breakdown voltage varies only 
slightly for various materials at atmospheric pressures (Alston, 1968, p. 46). 

The breakdown mechanism described above is called the Townsend process. Three stages are 
required to initiate a Townsend breakdown: 

1.  The existence of residual ambient free electrons and ions created by light, cosmic rays, or 
some other form of radiation. 

2.  Field-enhanced multiplication of electrons leading to an avalanche. 

3.  Feedback by secondary processes that results in new free electrons at the cathode.  
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Application to Paschen’s Law 

Since both α and γ are functions of E/δ, the Townsend breakdown criteria is also a function of E/δ, 
as was determined experimentally by Paschen before the turn of the century. The factor γ  is weakly 
dependent on the field and can be assumed to be a constant for a given gas and cathode material. 
Townsend substituted his expression for the ionization constant Equation 2-2 into Equation 2-3 
above and developed a universal equation for the breakdown voltage in uniform field gaps: 
  V B p l
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This equation can be recast in terms of the relative air density, δ, as follows: 
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This equation explicitly shows that the critical voltage for breakdown is a function of the product  
δ ⋅ l. This equation, using the values of A and B, as determined in air is plotted in Figure 2-2 (labeled 
Townsend theory), along with the measured data for Paschen�s curve. As can be seen in the figure, 
the theoretical curve has the same characteristics as the measured data, including the minimum. In 
fact, the theoretical curve fits the measured data fairly well in certain regions. 

The coefficients α(E/δ) and γ(E/δ) have been determined empirically by many (e.g., Raizer, 1991,  
pp. 54�55). By making appropriate analytic approximations to these functions, various formulas for 
Paschen�s law can be derived analytically (Gary et al., 1972, Sarma & Janischewskyj 1969, Olsen, et 
al. 1997). An equation that quite accurately fits the right-hand (high-pressure, δ⋅l > .01) portion of 
Paschen�s curve is given by the following (Alston, 1968, p. 48, after Bruce, 1953) (see Figure 2-2): 

  llVs ⋅⋅+⋅⋅= δδ 08.622.24     kV/cm. 

  where Vs is the sparking or breakdown voltage, 
     δ is the relative air density with respect to STP (20° C for this case) and 
     l is the gap length in centimeters. 

This equation satisfies similarity because Vs is a function of the ratio δ ⋅ l. When 1≈δ , lVs 6≈  
for values of l around 0.01 centimeter. When l > 10 centimeters, lVs ⋅≈ 4.24 . 

Dividing both sides of this equation by the gap length gives an equation for the electric field 
required for sparking or breakdown that satisfies the similarity relationship.  

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⋅
+⋅⋅=

l
Es

δ
δ 251.0122.24    kV/cm.  (2-10) 

There are some interesting conclusions that follow from the above equation. Firstly, somewhat 
surprisingly, the electric field strength required to break down air depends on the length of the gap. 
For small gaps, this field strength can be very large. The reason for this is that longer gaps allow the 
avalanches to propagate farther, creating more ions, which increase the probability of emission of 
secondary electrons from the cathode.  
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In fact, it is a well-known consequence of Paschen�s law that the flashover voltage for a large gap 
can be greatly increased if it is divided into several smaller gaps by several conducting plates. This is 
because the lengths of the individual avalanche regions are reduced and, as a result, the electric field 
required for breakdown in each gap increases. Lately there has been a resurgence of interest in the 
application of this design principle to stacked insulators, primarily for ultra high-voltage particle 
accelerators. The layered design has been demonstrated to significantly increase both the bulk and 
surface breakdown voltages for an insulator by factors varying from 1.5 to 4 (Houck, et al. 1997). 

Secondly, there is a minimum field strength below which breakdown will not occur, regardless of 
the gap length. This is called the fundamental breakdown strength of the gas. In air at STP, the 
fundamental breakdown strength is 24.22 kV/cm. The reason for this is that air is electronegative, 
primarily due to the oxygen content, and below that level, the effective Townsend coefficient is 
negative implying that electron avalanches cannot occur. 

Thirdly, the similarity law appears in Townsend�s theory, and this law can be used to compare 
measurements made with different air density. 

As instrumentation improved and high-speed photographs were obtained of the breakdown 
process, it was discovered that for longer gaps the breakdown process occurred too rapidly to be 
explained by Townsend�s theory. In fact, for long gaps and fast wavefront impulses, the resulting 
peak breakdown voltages are in excess of the normal breakdown voltage for the gap. For these cases, 
the breakdown time is sometimes considerably less than the time required for an electron to transit 
the gap. Because of this, a new theory was developed to explain the breakdown of longer gaps, called 
streamer (or Kanal) theory (Loeb, 1965; Meek & Craggs, 1978, p. 322; Alston, 1968, p. 28). This 
theory invokes the development of the spark discharge from an individual avalanche that contains 
enough electrons (~108 ) so that the field strength in front of the avalanche is enhanced enough to 
continuously break down the air. Thus, a single avalanche can propagate across the entire gap 
without depending on secondary emission from the cathode. This type of breakdown usually occurs 
in a single narrow channel, much like lightning. A similar theory has been developed for positive 
streamers. The mathematical description of breakdown conditions for streamers is more complicated 
than that of the Townsend theory. 

The Townsend process is believed to adequately explain breakdown for small gaps in gases at 
relatively high pressure. Townsend breakdown channels are wider than those for streamers. In air at 
normal conditions, it is reported that the Townsend process dominates for gap lengths less than 5 cm 
or so (Alston, 1968, p. 33, Raizer, 1991, p. 340). A transition region is probable, where both 
processes operate. It will be shown below, for the case of corona onset on wires, that the equivalent 
active gap length is small, and thus the Townsend process dominates, even for large wires.  

NON-UNIFORM FIELDS 
Most high-voltage applications involve insulator configurations having non-uniform electric fields. 

Examples include spheres, rods, toroids, and cylinders above ground. For these cases, the fields are 
strongest on the surface of the energized object and fall off with distance away from the object. If the 
maximum field in the gap is less than about five times the average field, the breakdown behavior is 
similar to that for a uniform field in that complete breakdown (flashover) occurs before any other 
phenomena. However, when the maximum field is greater than about five times the average field, 
ionization can be maintained locally in the high field region without breakdown of the entire gap 
(Raizer, 1991 p. 345; Alston, 1968, p49). This localized breakdown is known as corona. For 
example, the electric field around power distribution lines is very non-uniform and corona forms 
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around the wires when the voltage is high enough. It will be shown below that the electric field 
required to initiate the formation of corona depends on the radius of curvature of the object. 

Generalized Similarity 
The similarity relationship given by Paschen�s law applies to the one-dimensional geometry of a 

parallel plate gap. Similarity strictly means that the Townsend currents illustrated in Figure 2-5 
remain constant as long as the gap length times gas density remains constant. Thus, the breakdown 
voltage remains constant for the same conditions. Two cases are similar (i.e., have the same 
breakdown voltage) when the gap length for one case is multiplied by a scale factor while the gas 
density is divided by the same scale factor (Cobine, 1958, p. 160). 

Similarity can be extended to any configuration as long it has a short active region so that 
Townsend�s theory applies (Llewellyn-Jones, 1957, Alston, 1968, p. 50). The extension involves the 
assumption that the critical voltage at breakdown is constant when the product of scale factor times 
gas density remains constant. The scale factor is applied to all dimensions of the configuration. Thus, 
two cases are similar (i.e., have the same breakdown voltage) when the dimensions for the second 
case are the same as for the first case multiplied by a scale factor while the gas density is divided by 
the same scale factor. 

The case of a sphere above ground is defined by the dimensions a, the radius of the sphere, and S, 
the spacing between the surface of the sphere and ground. The breakdown voltage will be the same 
for cases with different dimensions as long as the dimensions are directly related by a scale factor, s, 
and the gas density is inversely related by the scale factor. Table 2-2 gives the explicit relationships 
for similar cases of a sphere above ground. 
 

Table 2-2. Similarity extension to a sphere above ground. 
Scale factor, s. 

 Case 1 Case 2 

Radius, a a1 s⋅a1

Separation, S S1 s⋅S1

Relative density, δ δ1 δ1/s 

Breakdown Voltage, V V1 V1

 

This extension of the Paschen�s similarity law to two and three dimensions has been validated 
empirically for many configurations and over wide ranges of density for most gases. 

In a non-uniform field, where corona forms before flashover, the voltage at which corona forms is 
called the critical voltage (Vc) or sometimes the onset voltage (Vo). A simple formula for Vc that 
satisfies the similarity relationship is given below. 
  

( ) ( ){ } GbkbEV m
c ⋅⋅⋅+⋅⋅= δδ0

  (2-11) 

  where E0, k, and m are constants, 
     b is a dimension of the object used to calculate the electric field, and 
     G is a dimensionless function of the ratio of the defining dimensions. 
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For the case of a uniform field gap, b is the gap length. For the case of a sphere or cylinder above 
ground, b will be the radius. It will be shown that the function G is the same dimensionless function 
defined at the beginning of the chapter used to calculate the electric field. As previously stated, G is 
strictly a function of ratios of dimensions of the configuration. 

The term inside the brackets of Equation 2-11 is strictly a function of δ⋅d and thus has a constant 
value when the product δ⋅d is constant. This product remains constant when the dimensions of the 
configuration are multiplied by a scale factor, while the gas density is divided by the same scale 
factor. Since G is a function of the ratio of dimensions, it does not change when the dimensions are 
multiplied by a scale factor. Equation 2-11 satisfies the extended similarity relationship in that two 
cases have the same breakdown voltage as long as their dimensions relate directly by a scale factor 
and their gas density relates inversely as the same scale factor. 

Equation 2-11 can be inverted to solve for the critical electric field at breakdown by using the 
relationship between voltage and electric field discussed at the beginning of this chapter. This 
relationship, repeated below (Equation 2-5), depends on the geometry involved; but in general it can 
be shown to follow the relationship:  

  
)/(

1
bhGb

VE ⋅=   (2-5) 

  where b is a dimension that defines the size of the object such as the radius  of the sphere or 
cylinder in equations. 

In Equation 2-5, G and b are selected for the particular configuration involved and the equation has 
the dimensions for electric field (i.e., volts/unit length). Multiplying Equation 2-5 by the factor 
1/(b⋅G) gives the following: 
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which can be simplified as follows: 
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Because it is derived from Equation 2-11, Equation 2-12 must also satisfy the generalized 
similarity relationship, where the breakdown voltage remains constant when the product of the 
dimensional scale factor times relative gas density is fixed. 

Equation 2-12 indicates that as the dimension b goes to infinity, Ec approaches E0 ⋅ δ, thus E0 
defines the fundamental breakdown strength of the gas (i.e., the asymptotic breakdown strength for 
very large gaps when the gas density is 1). 

The breakdown strength for a uniform field air gap (Equation 2-10), derived from Bruce�s (1953) 
formula for the breakdown voltage on the right-hand side of Paschen�s law, is in the form of 
Equation 2-12, with E0 = 24.22, k/E0 = 6.08 and m = 1/2.  

Peek’s Law  
As the power industry developed early in this century, much attention was focused on high-voltage 

phenomena. Peek did extensive studies of the formation of corona on wires (Peek, 1929, Chapter IV, 
1922, 1927). For his measurements, he used both coaxial and parallel wire geometry, for which the 
electric fields could be easily calculated at that time. He discovered that the onset of visible corona 
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on the wires could be accurately predicted from the magnitude of the electric field on the surface of 
the wires. The electric field on the surface of the wire when corona starts is called the critical electric 
field or critical gradient. 

Peek found this critical gradient to be a function of wire diameter. He also found the critical 
gradient to be independent on the outer diameter for the coaxial geometry and wire separation for the 
parallel wire geometry. It turns out that the variation of the electric field near the wire is independent 
of wire spacing for both of these configurations (Chapter 4).  

He investigated the effect of temperature and pressure and determined that air density was the 
appropriate parameter to use to correct for variation of these parameters. He was able to accurately fit 
analytic functions to his data, a rather remarkable feat for the time. These functions are good fits to 
his data and are known as Peek�s Laws, given below. The voltage in these formulas is in terms of the 
crest (peak) value. 

The critical field for coaxial geometry is given by: 

  ⎟⎟
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⎞
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d
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δ
δ 436.0131        kVp/cm 

and the critical field for parallel wires is given by: 

  ⎟⎟
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d
Ec

δ
δ 426.0130        kVp/cm  

  where  Ec is the critical surface electric field for the onset of corona, 
     d is the wire diameter in centimeters, and 
     δ is the relative air density. 

Note that the above equations are in terms of diameter instead of radius as given by Peek (1929, 
p66). 

  Peek called the first term in these equations (30 or 31, respectively) the dielectric strength of air 
(g0). 

Both of these equations are of the form of Equation 2-12 and satisfy the generalized similarity law. 
They are very similar to Bruce�s (1953) fit to the high-pressure side of Paschen�s law (Equation 2-4), 
including the effect of air density. The main difference is that as the fundamental breakdown strength 
of air (g0 in Peek�s equations) is 30 kV/cm, vice 24.22 kV/cm for Bruce�s fit to the parallel plate 
case. Also, Peek�s equations weight the effect of changing wire diameter about twice as much as the 
effect of changing gap length in Bruce�s equation. 

Peek�s measured data for wires is shown in Figure 2-9, along with plots of his equations. There is 
some scatter in his data, as might be expected from the usual measurement error limitations and the 
statistical nature of the breakdown process. The data appear to be taken from two slightly different 
distributions. The parallel wire measurements and some of the mid-range coaxial measurements 
appear to come from a lower distribution. He also made separate measurements on larger (parallel) 
wires having diameters of up to 8 cm, using voltages exceeding 1 million volts (EHV on Figure 2-9) 
(Peek, 1929 p. 61, p. 396). The larger diameter coaxial measurements and the EHV parallel 
measurements appear to come from the higher distribution. There could be a number of reasons for 
the differences, including (1) lack of knowledge of the geometric correction factors, (2) calibration 
difficulties associated with very large voltages, (3) the measurements may have been taken in a high-
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humidity environment, which increases the critical gradient at 60 Hz, and (4) surface roughness, or 
dust and pollen in the air, either of which decreases the critical gradient. 
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Figure 2-9.  Measured critical gradient for corona onset, wires at 60 Hz. 

For Peek�s coaxial measurements, only the larger wires had the slightly higher critical gradient, 
which led to his using g0 = 31 for that case. From Figure 2-9, it is seen that Peek�s coaxial formula 
fits the data from the higher distribution well, while the parallel formula falls between the two 
distributions. 

Schuman (1923) also gives measured data for wires, including wires with radii up to 15 
centimeters. His measurements are shown in Figure 2-10, along with Peek�s measured data. 
Schuman�s data appears to come from the higher distribution and has a lot less scatter than Peek�s. 
Schuman gives formulas similar to Peek�s, as does Whitehead & Gorton (1914). All of these 
formulas are asymptotic to approximately 30 kV/cm. However, as will be shown in the next section, 
the true function should be asymptotic to a value near 24 kVp/cm, based on Townsend�s theory. Peek 
did obtain a slightly smaller value of g0 from measurements using large diameter spheres, but this 
value was still considerably greater than 24 kVp/cm. 
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Figure 2-10.  Comparison of 60-Hz corona onset data and formulas for wires including Schuman’s 
measurements. 

One reason that the formulas derived from the early data were not asymptotic to 24 kVp/cm is 
because the most of the measurements used relatively small diameter wires, less than 1 cm, and the 
equations fit that data well (Sarma & Janischewskyj, 1969, p. 164). There are other possible reasons 
involving errors that could have crept into the measured data. Another reason could be the obvious 
calibration problem for high-voltage measurements. In addition, our experience has been that the 
analytic formula often overestimates the actual surface field strengths for practical configurations of 
larger diameter wires. This is because the analytic formulas do not account for shielding from the end 
fittings and feed lines used to support and feed the wires. Peek did not have access to computer 
programs such as we used to determine the actual fields for our measurement configurations (see 
Chapter 4), and it may be that this type of error affects some of his results, especially for the larger 
diameter wires. Another possible reason for error is that the effect of humidity was not taken into 
account. If the larger wires were measured in a high-humidity environment, the humidity effect 
would increase the critical gradient at power distribution frequency. 

Comparison of Peek�s data to Schuman�s data indicates that Peek�s data may have low values of 
the critical gradient for wires with radii between 0.1 and 0.5 cm. One reason for this could be that 
some of those samples had surface scratches, roughness, or surface contamination, which can cause a 
reduction in critical gradient. This is not too likely because Peek indicates that he used highly 
polished wires in a clean, dry, laboratory environment. Another possible cause is aerosol dust 
particles or pollen in the air since these are invisible and can also reduce the critical gradient. 

Most of Peek�s data was measured at 60 Hz. He did vary frequency for a few measurements within 
the realm of power distribution systems but found no appreciable frequency effect on the critical 
gradient for corona onset over the range of 25 to 60 Hz. He also found no effect due to increased 
ionization, increased humidity, different conductor materials, or current in the wires. 
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Peek also made measurements on wires that were not clean, smooth, or dry, and found that 
weathering, oxidation, or other surface irregularities reduced the critical gradient for corona 
formation. He accounted for these effects by using a surface irregularity factor m that in effect 
reduces g0. The effect of stranding is also included in m. He also found that surface contamination 
with water and oil reduces g0. Oil decreases g0 but not as much as water. For small wires, the 
effective increase in diameter, due to the oil, more than compensates for the lowering effect of the 
oil, resulting in slightly increased g0. This may also be true for water. When water or oil is present, 
there is considerable variability and Peek�s formulas, given below, are specifically noted to be 
approximations and do not include the effect of temperature or air density.  

For water surfaces wetted by a fine spray or fog, Peek�s equation is: 
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and for oil film surfaces, the equation is: 
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92.0119   kVp/cm. 

Application of Townsend’s Theory 
Assuming clean, dry conditions and a smooth wire, the maximum electric field on the surface of a 

wire above ground occurs on the bottom of the wire. The field at this point falls off as 1/r, even when 
the wire is close to the ground (see Chapter 4). Based on Townsend�s theory, field-enhanced 
ionization can take place in the region around the wire out to the point where the field is equal to 24.4 
kVp/cm. Beyond that point, the field is too small to support ionization, and no ionization or 
breakdown processes occur beyond that point. The region between the wire and the point where the 
field reaches 24.4 kVp/cm is called the active region. 

If the field on the surface of the wire is less than 24.4 kVp/cm, there will be no active region. As 
the voltage is increased, eventually the surface field will reach 24.4 kVp/cm. From this point on, as 
the voltage increases, the location of the point where the field equals 24.4 kVp/cm field moves out 
away from the wire, and both the surface field and the thickness of the active region increase. 

Since the field is non-uniform, application of Townsend�s theory requires integration of the 
Townsend ionization coefficient, across the active region, to determine the total number of ionization 
pairs created. For a wire of radius a, the equation for the number of electrons in an avalanche n(τ) is 
given by: 
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  where τ is the thickness of the active region, i.e., the distance from the surface of the wire to  
 the point where the field drops below 24.4 kV/cm. 

The Townsend breakdown criterion is applied by setting the number of electrons equal to: 
  1/γ - 1 ≈ 1/γ  . 

Using the above equation, a formula for Peek�s law can be derived from Townsend�s theory, given 
that appropriate analytical functions are assumed for the Townsend coefficients and appropriate 
limits are used for the integral (Gary et al. 1972). As previously pointed out, Peak�s law for wires is 
very similar to the equation fitting Paschen�s law for parallel plates. This is somewhat surprising 
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since, for the case of the wire, the field falls off non-uniformly (1/r) and therefore the thickness of the 
active region increases with voltage. One might expect the variation for this case to be quite different 
than for a uniform field (Paschen�s law). However, the ionization rate is much greater in the high 
field region and much lower, going to zero, near the outside of the active region. It happens that the 
average of the ionization rate over the active region gives a function very similar to that for 
Paschen�s law on the right-hand side of the minimum (high-density region). 

From Townsend�s theory, it is clear that the critical field for very large wires should approach that 
same value for large gaps between parallel plates, namely 24.4 kVp/cm, the field below which 
electron multiplication cannot occur. Thus, Peek�s law cannot be correct for larger diameter wires 
since it is asymptotic to 30 or 31 kVp/cm. This has been known for some time. For example, Zaengl 
and Nyffenegger (1974) applied Townsend�s formula to cylindrical geometry. Using an appropriate 
formula for the effective Townsend coefficient, they derived the following transcendental equation 
for Ec. 
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The constant E0 corresponds to the dielectric strength of air. They found that the best fit for this 
formula, to what they considered to be �very precise� measured values (Shost, 1962; Schroder, 
1961), occurred with E0 = 24.36 kV/cm, and K/C = 42 (kV)2/cm.  

We found another example in the Russian literature, given by (Raizer, 1991, p. 350), who stated 
that �the formula used nowadays in electrical engineering,� is given by: 

   (2-14) .  ])(65.01[5.24 38.0−⋅⋅+⋅⋅= rE c δδ

For both Equations 2-13 and 2-14, the value of E0 corresponds closely to that predicted by 
Townsend�s theory. Also, both of these formulas explicitly include the effect of air density on both 
the fundamental breakdown strength and the wire size. 

The above two formulas have been plotted on Figure 2-10, along with Peek�s data and Schuman�s 
data. Note that since Peek�s formulas are not asymptotic to 24.4 kVp they give values that are too 
large for the breakdown field as the wire diameter becomes large. It turns out that Peek�s formulas 
also give values that are too large for small wires. Both Raizer�s (1991) and Zaengle and 
Nyfenneger�s (1974) formulas give results larger than Peek�s data for wires with radii in the range 
from 0.1 cm to 0.4 cm, which is the range where Peek�s data have the most scatter and disagree most 
with Schuman�s data. Both Raizer�s and Zaengle and Nyfenneger�s formulas give results that agree 
very well with Schuman�s data and are both asymptotic to 24.4 kVp. They should give good results 
for larger diameter wires.  

Raizer�s formula is simple and can be used to develop a formula for the thickness of the active 
region around the wire at breakdown (corona onset). In the immediate vicinity of a cylinder above 
ground, the electric field, at the location of the maximum, falls off away from the cylinder as 1/r, 
independent of the height (Chapter 4). The field near the wire is given by: 

  
r

aE
rE s ⋅=)(    

  where  E(r) is the field in the vicinity of the wire, 
     r is the radius from the center of the wire, 
     Es is the field on the surface of the wire, and 
     a is the radius of the wire. 
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The radius of the active region (ra ) can be determined by setting Es equal to Ec, the critical surface 
field for corona onset, and E(r) equal to 24.4 kVp/cm. Solving for r gives 

  .  
4.24
aE

r c
a

⋅
=  

The thickness of the active region, τ, is the distance from the wire surface to the edge of the active 
region. 
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Substituting Raizer�s Equation 2-3 for Ec (δ = 1) and simplifying gives: 

   .  65.0 62.0a⋅=τ
Converting to diameter (d) gives: 

   .  423.0 62.0d⋅=τ
This equation has been plotted in Figure 2-11. From the figure, it can be shown that for a wire of 

diameter 50 centimeters (19.7 inches), the thickness of the active region is 4.8 centimeters. 
Townsend�s theory applies to gaps having a length of 5 centimeters or less (Alston, 1968, p. 33; 
Raizer, 1991, p. 340). Since the thickness of the active region around the cylinder decreases with 
diameter, Townsend's theory applies to breakdown around cylinders with a diameter of 50 
centimeters or less, which includes most practical cases. The fact that Townsend�s theory applies 
means that the similarity law also applies. Thus, similarity applies to most practical cases involving 
corona breakdown around pipes, cables, or wires. 
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Figure 2-11.  Thickness of the active region around a cylinder..
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CHAPTER 3 ATMOSPHERIC EFFECTS 
From the discussion of Paschen�s and Peek�s Laws, it is clear that gas density has a strong effect 

on the electrical field at which electrical breakdown occurs. For breakdown in air, the amount of 
water vapor also strongly affects the breakdown process. In this chapter, we will discuss how 
atmospheric density and humidity are determined, the variation expected, and the application of these 
parameters to the measurement of breakdown and corona onset in air.  

AIR COMPOSITION 
The major constituents of the atmosphere are gases and water vapor. The gases consist (by 

volume) of 78% nitrogen, 21% oxygen, 0.9% argon, and 0.03% CO2. There are numerous other gases 
present, including ozone with a concentration on the order of 0.000,005%. 

The average amount of water vapor is about 0.2% (by weight) for the total atmosphere. The actual 
amount at a specific site varies greatly with time and location, and is frequently reported in terms of 
relative humidity. 

The ratio of the major gases remains essentially fixed up to the top of the mixing layer at a height 
of about 100 km, while most of the water vapor is concentrated in the first 1 to 2 km above sea level. 

The atmosphere also contains significant amounts of dust, pollen, and spores as shown in Figures 
3-1 and 3-2. In some locations, salts and other chemical pollutants are significant and sometimes 
insects are included. The concentration of these atmospheric particles varies greatly with time and 
geographic location. The sizes range in diameter from 0.1 to 10 µm (ASHRAE, 1977, chapter 10). In 
some cases, the particles play an important role in the breakdown and corona formation processes 
and may cause frequency dependency of the processes. 

IDEAL GAS LAW 
Air acts like an ideal gas at normally encountered pressures and temperatures. It obeys the ideal 

gas law, relating pressure, volume, and temperature. 

  TR
w
MTRnVP ⋅⋅=⋅⋅=⋅  

  where P is the total atmospheric pressure in atmospheres 
    V is the volume of the gas in m3 

    n is the number of moles of the gas contained in the volume = M/w 
    M is the mass of the gas in the volume V in kg 
    w is the molecular weight of the gas 
    R is the universal gas constant =  0.08208 (m3 ⋅ Atm) / (kg ⋅ mole ⋅ °K) 
    T is the absolute temperature in °K. 
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Figure 3-1.  Atmospheric particle size and composition. 
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Figure 3-2.  Size distribution of atmospheric particles. 

The gas density, d, is the mass per unit volume. The ideal gas law equation can be used to solve for 
density. 

  
TR
wP

V
Md

⋅
⋅

==  

  where  d is the gas density in kg/m3. 
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It can be seen from this equation that the density of any gas varies directly with pressure and 
inversely with absolute temperature. The density of the gas at a defined standard temperature, T0, and 
pressure, P0, is found by substituting these values into the above equation and the result given in 
Equation 3-1.  

  
0

0
0 TR

wP
V
Md

⋅
⋅

==  (3-1) 

The relative density of a gas, δ, is defined as the ratio of the gas density at some pressure, P, and 
absolute temperature, T, to the density the same gas would have at Standard Temperature and 
Pressure (STP). 

  δ = =
⋅
⋅

d
d

P T
P T0

0

0
 (3-2) 

For a mixed gas, the total number of moles, n, is the sum of the moles of each individual 
component.  

  ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅⋅⋅++=⋅⋅⋅++=

n

n
n w

M
w
M

w
M

nnnn
2

2

1

1
21  

Since each individual component follows the ideal gas law, it follows that the overall gas mixture 
also obeys the ideal gas law as shown below. 

  ( ) ( )P P P V n n n R Tn n1 2 1 2+ + ⋅ ⋅ ⋅ ⋅ = + + ⋅ ⋅ ⋅ + ⋅ ⋅  

The total pressure is the sum of the partial pressures of the constituent gases (Dalton's Law).  

  ( )P P P P n
n

n
n

n
n

Pn= + + ⋅ ⋅ ⋅ + = + + ⋅ ⋅ ⋅ +⎛
⎝⎜

⎞
⎠⎟
⋅1 2

1 2 3  

In a closed volume, the partial pressure of one of the gases is the pressure that it would assume if 
all the other gases were removed and the remaining gas allowed to expand to fill the volume, while 
remaining at the same temperature. 

The mass of the individual components of the gas contained in the volume can be determined from 
the ideal gas law as follows: 

  
TR

wVPM ii
i ⋅

⋅⋅
=  

The total mass is the sum of the individual components. 

  ( )
TR

VwPwPwPMMMM nn ⋅
⋅+⋅⋅⋅+⋅+⋅=+⋅⋅⋅++= 2211321  

The total density follows. 

  n
nn ddd

TR
wPwPwP

V
Md +⋅⋅⋅++=

⋅
⋅+⋅⋅⋅+⋅+⋅

== 21
2211  (3-3) 

The total density is sum of the individual density components, which are equal to the density of 
each constituent weighted by its partial pressure. 

This equation can be rewritten as follows: 
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( )

TR
wP

TR
wPPP

V
Md avavn

⋅
⋅

=
⋅

⋅+⋅⋅⋅++
== 21  

  where  wav is the average molecular weight of the mixed gas, defined as follows: 

  
P

wPwPwP
w nn

av
⋅+⋅⋅⋅+⋅+⋅

= 2211  

The average molecular weight for mixed gases is the average of the molecular weights of the 
constituents weighted by the ratio of the partial pressure to total pressure. For mixed gases, the ratio 
of the partial pressures to the total pressure defines the gas mixture. As long as the gas mixture is 
fixed, any change to the gas in terms of temperature or pressure will not change the ratios of the 
partial pressures. Therefore, all the individual partial pressures change by the same factor as the total 
pressure. As long as the gas mixture is fixed, the relative density for any mixed gas is given by 
Equation 3-2. If the mixture changes, Equation 3-2 does not hold. 

WATER VAPOR 
In the natural state, air always contains some water vapor, known as humidity. At normally 

encountered temperatures and pressures, water can be in any of the three states (solid, liquid, gas). 
The amount of water vapor that the air can hold depends upon temperature, and for this reason it 
varies from almost none in cold arctic conditions to a maximum in hot tropical conditions. Because 
of the variability of the humidity, atmospheric air is best treated as a binary mixture of two gases, 
�dry air� and water vapor. The well-developed science of psychrometrics involves the determination 
of the thermodynamic properties of moist air and is useful for determining the amount of water vapor 
in the air for high-voltage applications. 

The amount of water vapor in the air affects the absolute density. Any specified air�water mixture 
will have a certain absolute density. The average molecular weight of dry air is 28.9645 while the 
molecular weight of water is 18.01534. Since the density of water vapor is less than that of dry air, 
humid air is less dense than dry air. 

The parameters required to determine the density of humid air are atmospheric (barometric) 
pressure, temperature, and the partial pressure of the water vapor. Instrumentation for the 
determination of atmospheric pressure and temperature are readily available. The partial pressure of 
water vapor can be determined as described below. 

Saturation Vapor Pressure 
Every fluid has a parameter known as the saturation vapor pressure. This is the pressure of the 

vapor form of the fluid, measured just above the surface of the fluid. The vapor form of the fluid 
above the surface is the result of thermal motion of the molecules in the liquid, which causes some of 
them to break away from the surface. The saturation vapor pressure of a liquid is only a function of 
the liquid temperature. 

By definition, a gas is saturated with the vapor of a fluid when the partial pressure of the gaseous 
form of the fluid equals the saturation vapor pressure. At saturation, condensation forms at the same 
rate as the fluid evaporates. For water vapor in air, this condition is called 100% relative humidity. 
Thus, when the relative humidity is 100%, the partial pressure of the water vapor in the air equals the 
saturation vapor pressure of water. The relative humidity is given as a percentage of the saturation 
level of water vapor actually present. Boiling occurs when the saturation vapor pressure of the water 
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equals the pressure of the atmosphere above it. Thus at 100° C, the saturation vapor pressure of water 
is equal to the standard atmospheric pressure at sea level, 760 mm Hg. 

The saturation vapor pressure of water has been studied extensively and a very accurate equation 
has been developed, giving the variation with temperature (ASHRAE, 1977, Chapter 5). The formula 
is given below. 
 ATB −= 27.6471  

 ( ) 210167.218 E
VP −⋅=   (3-4) 

 
1

3
111

2 1 BD
BCBBA

T
B

E
A ⋅+

⋅+⋅+
⋅=  

  where TA = Tc + 273.1 = Atmospheric temperature, degrees Kelvin 
     Tc= Atmospheric temperature, degrees Celsius 
     PV = Saturation vapor Pressure of H2O, atmospheres  
    A = 3.2437814  
    B = 0.00586826 
    C = 1.1702379 x 10-8 

    D = 0.0021878462. 

This equation is plotted in Figure 3-3 and accurately fits the measured vapor pressure data (Sears 
& Zemansky, 1955). 

A psychrometric chart is a graphical representation of the thermodynamic properties of moist air 
and provides for convenient graphical solutions of many types of moist air problems. The properties 
of the moist air are a function of atmospheric pressure. Psychrometric charts and tables are available 
for atmospheric pressures corresponding to sea level, 5000 ft. altitude and 10,000 ft. altitude in 
(ASHRAE, 1977, Chapter 5). Equation 3-4 corresponds to the 100% relative humidity curve on the 
psychrometric charts. (ASHRAE, 1977, Chapter 5, IEEE Std 4-1995). A simplified formula that fits 
fairly well from 0 to 60° C, as shown in Figure 3-3, is given in Equation 3-5. 

  ( )833.101457.0100623.0 TPV ⋅+⋅=  (3-5) 
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Figure 3-3.  Vapor pressure of water at saturation. 

Humidity Measurements 
There are several ways of determining the partial pressure of water vapor present in the air (Pw), 

but all of them require that PV be known. At the Forestport HVTF, the humidity measurements are 
now taken as relative humidity. The hygrometer used has a specified accuracy of +2%. Given relative 
humidity, the partial pressure of H2O can be determined as follows. 

Relative humidity (RH) is defined by the following equation (Sears & Zemansky, 1955). 

   %100×=
V

w

P
P

RH  (3-6) 

  where Pw = Partial pressure of H2O in air 
    PV = Saturated vapor pressure of H2O for ambient air temperature. 

Pw is determined by substituting the measured value of RH and the calculated value of PV into the 
above equation and solving. 

Another common method of measuring the condition of moist air is to use wet and dry bulb 
temperature measurements. Often this is done using a sling psychrometer. This type of measurement 
was used in the past at the HVTF. The IEEE Std 4-1995, section 16.3, points out that wet and dry 
bulb measurements are somewhat complicated and require careful measurement techniques to avoid 
excessive errors. These measurements are usually reduced using psychrometric charts or tables. 
However, the relationships involved are a function of atmospheric pressure. To do the reduction 
correctly requires a chart or table for the existing atmospheric pressure, or error is introduced. We 
have found at the HVTF that the wet and dry bulb measurements are time-consuming, and give 
erroneous results if not made carefully and reduced correctly. We now believe that wet and dry bulb 
measurements are often less accurate than measurements with the modern relative humidity 
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instruments available, and for this reason have essentially abandoned wet and dry bulb measurements 
at the HVTF. 

However, prior to abandoning wet and dry bulb measurements, we did work out a procedure to 
determine PV from wet and dry bulb measurements, included below. 

The relationship of PV to the wet and dry bulb temperature measurements depends upon 
barometric pressure and is given below (ANSI C29.1-1998). 

   ( )
⎭
⎬
⎫

⎩
⎨
⎧ −
+⋅−⋅⋅−=

1571
32'1'00367.0' tttbPP Vw  (3-7) 

  where Pw = Partial Pressure H2O, inches Hg, 
     = saturated vapor pressure of H'

VP 2O at temperature t',  
     b = Barometric Pressure, inches Hg, 
     t = air temperature, degrees F, and 
     t' = wet bulb temperature, degrees F. 

Given the wet bulb and dry bulb temperatures, the above formula is used to find Pw .  

Another method of determining humidity is to measure the dew point temperature. This method is 
thought to be quite accurate, especially at high values of relative humidity. The dew point 
temperature (Td ) is defined as the temperature at which the given mixture of air and water vapor 
becomes saturated, meaning the partial pressure the water vapor equals the saturated water vapor 
pressure. For a given mixture of air, as the temperature is lowered, when the dew point temperature 
(Td ) is reached, condensation starts to form. At the dew point temperature, Pw = . The dew point 
temperature is often measured by cooling down a mirror and measuring the temperature at which fog 
starts to form. Given the dew point temperature T

VP

d, the saturation vapor pressure  can be 

determined by substituting T
VP

d into Equation 3-4 or 3-5. Multiplying this value for by the ratio of 
the absolute temperatures gives the value of P

VP
w at the actual air temperature. 

  
( )P P T T

Tw V d
d= ⋅

 
There are methods to convert between the various parameters describing moist air. For example, if 

Pw is known, the dew point can be calculated by solving Equation 3-4 or 3-5 (by iteration) for the 
temperature at which the equals PVP w. Relationships between the various parameters of moist air 
and recommended procedures for their numerical calculation are given in the ASHRAE handbook 
(ASHRAE, 1977, Chapter 5). 

Mixing Ratio 
The humidity ratio or mixing ratio (W) of air with water vapor is an important parameter because it 

defines the mixture of  �dry air� and water. The mixing ratio is defined as the ratio of the mass of 
water vapor divided by the mass of the dry air contained in a sample of the atmosphere. 

  
w

w
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w
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PP
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P
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P
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w
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d
d
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W
−

⋅=⋅=⋅=== 62198.062198.0  

The partial pressure of water vapor is given in terms of the mixing ratio below. 
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The mixture of air and water vapor is defined by the mixing ratio. For a given mixture of air and 
water vapor, the mixing ratio is independent of changes in pressure and temperature. Thus, if a 
sample of air were changed from ambient temperature and pressure to STP, the mixing ratio does not 
change. Of course, if in this process the temperature falls below the dew point, the humidity of the air 
would exceed 100%, in which case the air must shed some water, changing the mixture. In such 
cases, converting the sample to STP does not make sense. 

AIR DENSITY 
Obviously, the amount of water vapor in the air affects the absolute density. This section discusses 

how to calculate the density of air containing water vapor. In order to do so, atmospheric air will be 
treated as a binary mixture of  �dry air� and water vapor using the mixed gas formulas developed 
above. The average molecular weight of dry air is 28.9645 while the molecular weight of water is 
18.01534. Note that the density of water vapor is less than that of air. 

For the binary mixture of air and water, the total atmospheric pressure is given by the sum of the 
two partial pressures. 
  wa PPP +=   

  where P is the total atmospheric pressure in atmospheres 
     Pa is the partial pressure of dry air in atmospheres 
     Pw is the partial pressure of the water vapor in atmospheres 

Substituting the appropriate parameters for an air�water vapor mix into Equation 3-3 gives the 
following equation for density. The total density of the air is equal to the sum of the constituent 
densities. 

  TR
PwPw

ddd wwaa
wa ⋅

⋅+⋅
=+=  

  where d is the absolute density of the air in kg/m3 

     da is the density of the dry air in kg/m3 

     dw is the density of water vapor in kg/m3  
     Pa is the partial pressure of dry air in atmospheres 
     Pw is the partial pressure of the water vapor in atmospheres 
     wa is the molecular weight of dry air = 28.9645 kg/mole 
     ww is the molecular weight of water vapor = 18.01534 kg/mole 

This equation can be put in different forms, depending upon the parameters known. For example, a 
convenient form, when the total atmospheric pressure and the partial pressure of the water vapor are 
known, is given below. 

  ,3kg/m
760
378.01.27329213.1 ⎟

⎠

⎞
⎜
⎝

⎛ ⋅−
⋅⎟
⎠
⎞

⎜
⎝
⎛⋅= wPP

T
d  

  where   d = Atmospheric density, kg/m3 

     T = Atmospheric temperature, degrees Kelvin, 
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    P = Atmospheric pressure, mm Hg, and 
    Pw = partial pressure of H2O, mm Hg. 

It can be seen from this equation that the absolute density of the atmosphere decreases with 
increased water vapor content (contrary to common belief). This occurs because water vapor has less 
molecular weight than dry air. 

It is convenient to obtain a formula for air density explicit in the parameter, mixing ratio. 

  ,  kg/m3  
62198.0

)1(62198.0
760

1.27329213.1 ⎟
⎠
⎞

⎜
⎝
⎛

+
+⋅

⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⋅=

W
WP

T
d  

  where   W  = humidity mixing ratio.  

STANDARD ATMOSPHERE 
The U.S. standard atmosphere used for heating and air conditioning, based on STP condition of  

15 °C and 760 mm Hg = 1013.25 mbar. For completely dry conditions, (Pw  = W = 0) at these STP 
conditions, the calculated air density is 1.2257 kg/m3. The density quoted for the U.S. standard 
atmosphere is 1.22486 kg/m3, slightly less than the value calculated for dry conditions.  

For high-voltage applications, other reference temperatures are sometimes used, for example, 
Cobine (1958, p 171) quotes a reference of 25o C and 760 mm Hg for a relative density of 1. This is 
also the standard used by much of the power industry (ANSI C29.1-1998, IEC Publication 60 1979). 
However, the IEEE standard uses 20o C (IEEE Std 4-1998). Also, the amount of water vapor present 
is not always made clear when specifying standard conditions. As a result, care must be taken in 
comparing reported measured results. 

VARIABILITY 
The range of atmospheric density encountered in nature is of interest in determining the effect it 

may have on corona onset and high-voltage breakdown. The expected variability caused by various 
phenomena is discussed below. 

Elevation 
Atmospheric density decreases with altitude. Figure 3-4 shows the density variation with altitude 

for average conditions. It should be noted that near the surface, the density is greater in the winter 
than in the summer. The variation with altitude is considerable. For example, at 10,000 feet the 
expected air density is 30% less than at sea level. Thus, the corona onset voltages are considerably 
reduced with altitude. Note that this variation is primarily due to a reduction in pressure and is 
reflected in the barometric pressure reading.  

3-10 



VLF/LF High-Voltage Design and Testing  Chapter 3 Atmospheric Effects 

0

2

4

6

8

10

12

0 0.2 0.4 0.6 0.8 1 1.2 1.4 

ATMOSPHERIC DENSITY (kg/m^3) 

H
E

IG
H

T 
AB

O
VE

 S
EA

 L
E

VE
L 

(k
m

) 

0 

2,734 

5,468 

8,202 

10,936 

13,670 

16,404 

19,138 

21,872 

24,606 

27,340 

30,074 

32,808 

H
E

IG
H

T 
AB

O
VE

 S
EA

 L
E

VE
L 

(fe
et

) 

SUMMER 

WINTER 

AIR DENSITY RELATIVE TO WINTER SURFACE 
0.3   0.4   0.5   0.6   0.7   0.8   0.9   1.0 

DATA FROM HUMPHRIES, 
HANDBOOK OF C AND P, 28TH 
EDITION, PAGE 2516  

 

Figure 3-4.  Variation of atmospheric density with height. 

Temperature 
The air density equation indicates that the density is inversely proportional to absolute 

temperature. It is denser when cold and less dense when hot. A nominal range of temperature 
variation, say from 0° to 45° C, translates into a 16% density variation.  

 3-11



Chapter 3 Atmospheric Effects  VLF/LF High-Voltage Design and Testing 

Barometric Pressure 
Atmospheric (barometric) pressure is given in a number of different units as shown in Table 3-1. 

 

Table 3-1.  Atmospheric pressure units. 

  1 atmosphere = 760 mm of Hg 
  760 Torr 
  29.92 inches of Hg 
  1013.25 milli-bars 
  101.325 kPa, kilo Pascals 
  10332 kg/m2 

  14.66 Lbs/in2

 

The highest values of atmospheric pressure occur under cold dry masses of air, usually in Arctic 
regions, and the lowest values of atmospheric pressure occur in hurricanes at lower latitudes. The 
extreme pressures recorded vary from 31.75 inches of Hg (806 mm Hg) in Siberia to 26.35 inches of 
Hg (669 mm Hg) in Florida (Valley, 1965, pp. 3-40). This extreme pressure ratio is 1.2 to 1 or a 20% 
range. Typical pressure variations at a dry mid-latitude location are much less; for example, an 
examination of monthly averages at Grand Junction, CO, show a variation of 0.5% for the year 1986. 
At the same location, the spread of daily values for the month of January was 2%. The total variation 
in atmospheric density is much greater since it includes the pressure effects plus temperature and 
humidity variations. 

Humidity 
The air density equation has been used to generate a set of curves of air density versus relative 

humidity, parametric in temperature (Figure 3-5). From the figure, it is seen that the air density 
variation with relative humidity, over the possible range of variation, is much less than 5%, unless it 
is very warm. This may be part of the reason that the air density correction factors in the IEEE and 
ANSI test standards ignore the effect of humidity on air density. The water vapor in the air changes 
the gas constituents and therefore affects electrical breakdown in a different way than just the density 
variation. The test standards attempt to account for this with a separate correction factor, discussed 
later in this chapter. 

Combination 
The air density equation has been used to generate curves of relative air density versus 

temperature, parametric in atmospheric pressure for 50% relative humidity (Figure 3-6). 

From Figure 3-6 it is seen that variation of temperature over a temperature range of 15o to 30o C 
results in the air density changing by about 5%. The nominal range of atmospheric pressure variation, 
say 720 mm to 800 mm, results in a similar density variation. 

An important parameter for high-voltage design turns out to be the expected amount of reduction 
in atmospheric density from the density at STP. At sea level and mid latitude, an expected reduction 
of 15% seems reasonable. However, in a tropical depression where hot temperature, high humidity, 
and very low atmospheric pressure can be experienced, the air density can be considerably reduced 
from that at STP. It is estimated that under those conditions, the temperature factor could be about 
5% (40o C), the pressure factor could be 12% (669 mm Hg). Humidity would account for another 

3-12 



VLF/LF High-Voltage Design and Testing  Chapter 3 Atmospheric Effects 

5%, or a total of 22%, implying a similar reduction in electrical breakdown voltage. An even greater 
reduction in air density and hence breakdown voltage can result from increased elevation. 
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Figure 3-5.  Air density versus relative humidity and temperature for standard pressure. 
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Figure 3-6.  Air density versus temperature and pressure for 50% humidity. 

 3-13



Chapter 3 Atmospheric Effects  VLF/LF High-Voltage Design and Testing 

ENVIRONMENTAL CORRECTION FACTORS 
The electrical power industry has developed standards for testing high-voltage insulators and 

hardware. They are documented in IEC publication 60-1 (1979), �High Voltage Test Techniques,� 
ANSI C.29-1998 �American National Standard for Electrical Power Insulators � Test Methods� and 
IEEE Std 4-1995, �IEEE Standard Techniques for High-Voltage Testing.� The origin of these 
standards is not completely disclosed. However, the IEEE standard gives an extensive bibliography 
and appears to rely heavily on IEC 60. The 1998 ANSI standard relies heavily on the IEEE standard. 
According to Rizk (1992), the recommendations of Kucera (1970) form the basis for the earlier 
version, IEC publication 60 (1968). 

These standards define testing techniques for various conditions, including AC and DC voltages, 
lightning and switching impulses, wet and dry, as well as defining the methods for measuring 
voltage, and current and the power requirements for these types of tests. The environmental 
conditions of air pressure, temperature, and humidity affect the flashover and withstand voltage test 
results. Because of this, the electrical power industry has developed empirical correction factors to 
translate measurements made at one environment to the value they would have for the standard 
environment. Thus, measurements made under different conditions and at different laboratories can 
be compared and adjusted to estimate performance for other environments. 

These correction factors are not based on the similarity laws developed previously (Chapter 2). 
They have been empirically developed for application to flashover voltage, not corona onset field. In 
fact, similarity may not strictly apply to flashover phenomena across large gaps, since it is not really 
a Townsend process. The similarity relations lead to an environmental correction factor that corrects 
the air density and geometry to a situation that will have exactly the same breakdown voltage. This 
correction factor changes the fields but not the voltage. In the original development of standard test 
procedures for VLF/LF high-voltage hardware at the HVTF, we leaned heavily on the use of the 
existing industry standards and applied the correction factors obtained from these standards. 
However, when we discovered that the important phenomena at VLF/LF are highly correlated to 
corona, which is a Townsend process for most practical situations, we switched to an air density 
correction factor based on similarity. Chapter 6 contains measurements validating this approach. The 
humidity correction factor is more complicated and will be discussed later. 

The following is a description of the environmental correction factors used by the power industry. 
Each of the standards uses two separate correction factors, one for atmospheric density and one for 
humidity. The atmospheric density correction factor is a function of the relative atmospheric density, 
which can be determined from atmospheric pressure and temperature. The humidity correction factor 
is given as a function of the amount of water vapor in the air. For wet tests, the humidity correction 
factor is ignored. The correction factors given in these three standards are similar but not exactly the 
same. For example, the IEC and ANSI humidity correction factor is in terms of the partial pressure of 
the water vapor, while the IEEE standard uses absolute humidity of the air in terms of density. Also, 
the IEC and ANSI standards use 25° C for the standard temperature, versus 20° C for the IEEE 
standard. In all of these standards, the correction factor is applied directly to the flashover voltage, 
not to fields, as Townsend�s theory would suggest. 

Standard Conditions 
The standard atmosphere reference for the correction factors is given in terms of barometric 

pressure, (P0), absolute temperature, (T0), and humidity in terms of the partial pressure of the water 
vapor in the air, (Pw), in Table 3-2 below. 
 

3-14 



VLF/LF High-Voltage Design and Testing  Chapter 3 Atmospheric Effects 

Table 3-2.  Standard atmospheric conditions. 

Parameter ANSI C29.1-1998 & IEC 60 IEEE 4-1995 

P0 29.92 inches Hg = 760 mm Hg 760 mm Hg 

T0 77° F (25° C) = 298.1° K 20° C (69° F) = 293.1° K 

Pw 0.6085 inches Hg (15.46 mm Hg) N/A 

dw N/A 11 grams/m3

W 13.07 grams/kg 9.29 grams/kg 

RH 65.3% 63.9%  
 

Both W and relative humidity have been calculated from the given parameters. 

Relative Air Density  
The relative air density, δ, is defined the same in all the standards, although different units are used 

in the equations. The relative air density is a ratio: absolute density of the air�water mixture for a 
given set of conditions divided by the absolute density of the same air�water mixture at standard 
conditions. The formula used by all the standards to calculate the relative air density given by the 
following: 

  
T
T

P
P 0

0
⋅=δ  

  where P  = total atmospheric pressure in absolute units (mm or inches Hg, or psi) 
     P0 = standard pressure in the same units  
     T = ambient temperature in degrees Kelvin 
     T0 = standard temperature in degrees Kelvin. 

This equation gives the density ratio for a fixed air�water mixture at a given temperature and 
pressure to what it would be at STP. Using this relative density factor ignores the fact that different 
air�water mixtures have different absolute densities. Thus, the absolute density at STP will be 
different for different air�water mixtures, although this effect is fairly small as previously shown. It 
is not mentioned in the standards, but this density correction factor does not strictly apply when the 
correction to STP would transcend the dew point. In this case, the test sample air would have a 
relative humidity greater than 100% at STP, and this mixture could not exist normally. The effect of 
this loss of moisture on the air density is normally quite small. The effect on the humidity correction 
factor is more complicated and will be discussed below.  

Humidity 
At low frequency, it is well known that the presence of humidity results in increased breakdown 

voltage for air. Unfortunately, there is no concise theory available that can be used to help develop a 
correction factor for humidity. Similarity does not apply directly, because changing the vapor content 
changes the gas mixture. Different gases behave differently, meaning they have different Paschen�s 
curves. As a result, the humidity correction factor has to be based entirely on empirical data. 

Both the IEEE and ANSI high-voltage test standards have similar humidity correction factors. In 
order to determine the humidity correction factor, both of these standards require the determination 
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of an appropriate humidity parameter by measurement, which is then used to obtain the correction 
factor from a graphical plot, originally developed from empirical data. The standards specify the 
humidity parameter differently. 

The IEEE standard humidity correction factor is based on the ratio of the absolute humidity, in 
terms of the mass density of water in the air, to the relative air density (dw/δ) in units of grams/m3. 
The mass density of water vapor is given by Equation 3-3. Division by the relative air density, δ, 
corrects this parameter to STP. In other words, (dw/δ) is the mass density of the water vapor for the 
sample air�water mixture if it were converted to STP.  

The ANSI humidity correction factor is given in terms of the partial pressure of the water vapor in 
the air. The ANSI standard calls this partial pressure the �vapor pressure,� Ph. This is calculated from 
the relative humidity by using Equation 3-6. For a given air�water mixture, this parameter is a 
function of pressure and temperature. The standard does not specify, but it seems logical that this 
parameter should be adjusted by relative density, similar to the method used by the IEEE standard. If 
the partial pressure of water vapor is adjusted in that manner, the parameters of the two standards 
have a simple linear relationship between them. In this case, any given value of the parameter has a 
one-to-one correspondence to a particular air�water mixture. If the partial pressure of water vapor is 
not adjusted, it will not be directly related to the air�water mixture and inconsistencies will occur. 
For example, the uncorrected parameter is measured at ambient conditions and different air�water 
mixtures could have the same value for the partial pressure of water vapor, depending upon the 
temperature and pressure of the air measured. Similarly, the same air�water mixture measured at 
conditions other than STP could have different values for the partial pressure of the water vapor.  

Both of these correction factors have a problem, not mentioned in the standards, if when correcting 
to STP the dew point is transcended. As previously mentioned, this would correspond to the air 
sample having a relative humidity greater than 100% at STP, which could not exist normally. This 
situation can arise when the conditions are warm and humid, as might occur in the tropics. Also, the 
cooler and denser the standard conditions, the more likely this is to happen. This may be part of the 
reason that the ANSI standard chose a higher reference temperature. 

Correction Factors 
The standards use a separate factor to correct for air density and humidity. These factors are 

applied directly to the standard flashover voltage to determine the actual flashover voltage for the 
prevailing atmospheric conditions. The formulas are inverted to correct actual measured flashover 
voltages to the standard flashover voltage. The correction factors are described below. For all of 
these standards, the humidity correction factor is assumed equal to 1 for wet conditions.  

ANSI C-29.1998 

The correction factors are applied to the breakdown voltage at standard conditions, V0, to yield the 
breakdown voltage at the existing conditions as follows. 

  
H

VV s δ⋅
=   (3-8) 

  where V = flashover voltage for existing atmosphere 
    Vs = flashover voltage for standard atmosphere 
    δ = relative atmospheric density 
    H = humidity correction factor. 
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The air density correction factor is equal to the relative air density and is applied directly to the 
flashover voltage. IEC publication 60 uses an air density correction factor, which diverges slightly 
from relative air density (see Figure 3-7). 

The humidity correction factor for ANSI C29-1998 is specified by a pair of curves that give 
correction factor versus vapor pressure in inches of Hg (Figure 3-8). From the figure, it is seen that 
the correction factor is equal to 1 when the vapor pressure is 0.6085 inches of Hg, representing 
standard humidity for ANSI C29-1998. The slope of these curves is negative. Since the breakdown 
voltage is inversely proportional to the ANSI humidity correction factor (Equation 3-8), the negative 
slope implies that increased humidity increases breakdown voltage. At the standard humidity, the 
slope is approximately -35% per inch Hg water vapor pressure, indicating humidity increases the 
flashover voltage by 35% per inch Hg water vapor pressure. For wet tests, the humidity correction 
factor is not used, i.e., H = 1. 
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Figure 3-7.  Air density correction factor comparison. 
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Figure 3-8.  ANSI low-frequency humidity correction factor. 

IEEE 4-1998 

The IEEE standard is more complicated. It defines a correction factor, K, given below.  

  k k k= ⋅1 2  

  where  k1 is the air density correction factor and 
     k2 is the humidity correction factor. 
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Note the humidity correction factor is not used for wet tests, i.e., k2 = 1. 

The correction factor is applied to the breakdown voltage at standard conditions, V0, to yield the 
breakdown voltage at the existing conditions as follows. 
  kVV ⋅= 0  (3-9) 

The inverse equation is applied to correct measured discharge voltages to standard reference 
atmosphere by dividing by k. 

  
k
VV =0  

Air Density 
The air density correction factor, k1, depends upon relative air density as follows. 

   mk δ=1

  where m is given by a graphical function of the parameter g. 

The standard indicates that the exponent m is a function of the test object and the waveform. 

The function g is given by: 

  
kL

V
g b

⋅⋅⋅
=

δ500
 

  where Vb is the 50% breakdown voltage in kV, at actual atmospheric conditions, 
     L is the minimum discharge path in meters. 

Note that the ratio of Vb/L is the average field across the gap at breakdown. 

This is somewhat of a circular function since g depends upon k, which affects the breakdown 
voltage and hence g. However, for most practical cases, both δ and k are near 1 and g is 
approximately the average field in the gap at flashover, normalized by 500 kV/m. 

The exponent m is given graphically in Figure 3-9. The rule for m is that if g > 1, then m = 1. In 
this case, the air density correction factor is just equal to the air density. However if g < 1, then m is 
reduced from 1 until it reaches 0 at g = 0.2. Thus, for some conditions the air density correction 
factor is equal to the air density with an exponent less than 1. Increasing m has the effect of 
decreasing the slope of the air density correction factor. The air density correction factor is plotted 
for two different values of the exponent m in Figure 3-7. Note that the IEC 60 air density correction 
factor, plotted in the figure, is almost the same as the curve for m = 0.9. All of the curves pass 
through 1 at the standard humidity. All the curves except for the straight-line plot of relative air 
density have a slope less than 1. For this reason, the curves deviate from straight relative air density 
more when the relative air density is farther from the standard value.  
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Figure 3-9.  Exponents m and w for IEEE air density and humidity correction factors. 

Humidity Correction Factor  
The humidity correction factor, k2, depends upon Kh, which is a function of the ratio of absolute 

humidity to relative air density as follows. 

   k kh
w

2 =
  where w is given by a graphical function of the same parameter g used for the air density  
     correction factor. 

Th factor w is also plotted in Figure 3-9. From the figure it is seen that w is equal to 1 only when 1 
> g > 1.2. Otherwise, it is less than 1. 

The factor Kh is described by a set of graphical curves. These curves are equal to 1 when the water 
vapor density is equal to 11 grams/m3, which is the standard humidity condition for the IEEE 
standard. Plots of these curves are given in the standard. For engineering purposes, the standard 
indicates that these curves can be approximated by straight lines with the following formulas: 

Alternating voltage  k d
h

w= + ⋅ −⎛
⎝⎜

⎞
⎠⎟

1 0 012 11.
δ

 

Impulse voltage  k d
h

w= + ⋅ −⎛
⎝⎜

⎞
⎠⎟

1 0 010 11.
δ

 

Direct voltage   k d
h

w= + ⋅ −⎛
⎝⎜

⎞
⎠⎟

1 0 014 11.
δ

 

  where  dw is in grams/m3. 

3-20 



VLF/LF High-Voltage Design and Testing  Chapter 3 Atmospheric Effects 

The IEEE standard indicates that errors as much as negative 14% may occur when the value of dw 
exceeds 15 grams/m3 and that in this region the humidity correction factor is still under investigation. 

Comparison with ANSI 
The IEEE humidity correction factor is applied inversely to the ANSI humidity correction factor 

(compare Equations 3-8 and 3-9) and the positive slope implies that humidity increases the flashover 
voltage, which is in agreement with the ANSI standard. 

The IEEE humidity correction factor is centered on a water vapor density of 11 g/m3, where it has 
the value of 1. This corresponds to a mixing ratio, w, of approximately 0.01. The ANSI standard 
humidity correction factor is centered on a water vapor pressure of 0.6 inches of Hg, which 
corresponding to 15 grams/m3, considerably higher than that used by IEEE. 

The slope of the humidity correction factor kh of the IEEE standard is approximately 1.2% per 
gram/m3, which converts to 54% per inch Hg. From the equation for the humidity correction factor, 

, the slope is equal to w times 54% per inch Hg. Since w is mostly less than 1, this 
compares favorably with the 35% per inch Hg slope of the ANSI humidity correction factor curves. 
In fact, they both have the same slope when w = 0.65. 

( )k kh
w

2 =

Similarity-based Air Density Correction Factor 
The generalized similarity law can be used to develop a theoretical basis for correcting for air 

density variation. This correction factor is applied to the electric fields and the geometry and not 
directly to the voltage. The use of the generalized similarity relationship to develop a density 
correction factor will be illustrated by application to the case of a single wire above ground. In this 
case, the field is non-uniform and the beginning of breakdown corresponds to corona onset. As has 
been shown in Chapter 2, the equivalent gap for this geometry is small and Townsend�s theory 
applies. 

Let the geometry be defined by the diameter of the wire d1, the height of the wire h1. The 
breakdown voltage measured for this case is V1 and the air density during the measurement is δ1. For 
a wire well above ground, the maximum surface electric field is given by the following equation. 

  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ⋅
⋅

⋅
≈

1

1
1

1
1 4

ln

2

d
h

d

V
E  

For any geometry, the electric field is similarly a function of the voltage divided by a linear 
distance (hence the units volts per meter for E) and a dimensionless function of the ratio of geometric 
distances (see Chapter 4). 

The generalized similarity relationship can be used to convert the parameters in the above equation 
to those for a different air density, δ2, as follows. Similarity implies, just as in the case of a uniform 
field, the gap times the air density must remain a constant. This will be true if all the dimensions are 
changed such that: 
  δ1 · (d1,h1) = δ2 · (d2, h2) 
  or 
  (d2, h2) =  (δ1/δ2 ) · (d1, h1) . 

Thus the appropriate scale factor is  (δ1/δ2 ). When δ2 = 1, standard density, the result becomes: 
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  (d2, h2)=  δ1 ·(d1, h1) . 
Similarity requires that the breakdown voltage remain constant for the new density and spacing; 

but since the dimensions changed, the electric field at breakdown changes as given below. 

  E V

d h
d

2
1

2
2

2

2
4

=
⋅

⋅
⋅⎛

⎝
⎜

⎞
⎠
⎟ln

. 

Note that since d2 and h2 are equal to d1 and h1 multiplied respectively by the same factor, the 
dimensionless function of the ratio of distances remains unchanged. However, the remaining distance 
factor d2 = d1 ⋅ δ1. Substituting this in the equation for the maximum surface field gives the following 
for E2: 
  E2 = E1 / δ1    .  

Thus, adjusting a measurement made at any air density to the value it would have at STP amounts 
to dividing the electric field by the relative air density present during the measurement. It is 
important to remember that the geometric distances are also changed. This is important because the 
effective radius of curvature for the test object is changed as the air density changes. In this case, the 
wire diameter changes. This is important because the critical field for corona onset is a function of 
wire diameter. Similarly, for objects other than wires, such as corona rings, the critical gradient is 
expected to be a function of the radius of curvature. For the example of the wire above ground, the 
corrected value of E applies to a wire that has the corrected diameter (i.e., d2 = δ1 ⋅ d1). 

The correction factors developed by the power industry are applied directly to voltage and not to 
the field and the dimensions suggested by the similarity law. For a comparison, we have used 
Raizer�s formula for the corona onset gradient on smooth wires (Equation 2-3) combined with the 
similarity law, to calculate the voltage air density correction factor for a wire above ground. Two 
examples have been selected. One has a 4-inch diameter wire and the other has a 0.2-inch diameter 
wire. Both are located 48 inches above the ground. The relative air density was varied from 0.6 to 
1.2. The two calculated voltage correction factors are plotted in Figure 3-7 along with the IEC and 
IEEE (m = 0.9 and 0.75) air density correction factors. Note that IEEE m = 0.9 corresponds closely 
to the IEC curve except at the highest relative density of 1.2, where the IEC curve falls below, closer 
to the IEEE 0.75 curve. 

The calculated correction factor deviates from air density because the critical gradient is a function 
of the radius of the wire. From similarity, changing the air density changes the effective wire 
diameter. The deviation is greater for the smaller diameter wire because the slope of the breakdown 
gradient versus diameter curve is less for larger diameter wires (see Figure 2-9). This same effect will 
occur with any Townsend process, including uniform field gaps, where the deviation from air density 
will be greater for smaller gaps. 

Based on this analysis, it is expected that the voltage air density correction factor is a function of 
the object�s shape, especially the radii of curvature of the electrodes. We believe that most, if not all, 
of the deviation of the observed voltage correction factors from those associated with a linear 
relationship to air density is due to this effect. For normal high-voltage hardware, the magnitude of 
this effect will depend mostly upon the radii of curvature of the electrodes. The IEEE standard uses 
air density to the exponent, m, (δ m) to account for this effect. It may be possible to estimate the value 
of the exponent, m, from the geometry of the object. In Figure 3-7, the three curves, IEEE m = 0.9, 
IEC, and calculated 4-inch diameter wire correspond very closely. The two curves, m = 0.75 and the 
one calculated for the 0.2-inch diameter, are almost exactly the same. Thus, objects with larger radii 
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of curvature correspond to IEEE voltage correction factors with larger values of m. The IEC density 
correction factor corresponds to objects with radii of curvature of 2 inches. 

From the above analysis, it is clear that the voltage air density correction factor is different for 
differently shaped objects. For wires and other simple geometrical shapes with identifiable radii of 
curvature, we believe that it is better to use the true air density correction factor based on the 
generalized similarity law, which applies to the electric field and the geometry, not to the voltage. 

Humidity Correction Factor and Paschen’s Law 
For the application to high-voltage breakdown, it is important to understand that air mixed with 

water is a different gas than air alone. Changing the amount of water vapor in air amounts to 
changing gas constituency, which not only changes the density but the mixture. In general, each 
specific mixture has a different Paschen curve function, f (Equation 2-1). One can imagine a family 
of Paschen�s curves parametric in the mixing ratio, each curve representing a different air�water 
mixture. Changing the density of a given air�water vapor mixture amounts to sliding up or down on 
the appropriate Paschen�s curve. Changing the air�water vapor mix corresponds to changing from 
one curve to another curve. The humidity correction factor is derived from the spacing between the 
curves. It is a function of the air�water mix at STP. It is likely that a humidity correction factor 
would be best applied to the electric field and dimensions geometry as was the similarity based air 
density correction factor, instead of directly to the voltage. 

It is unlikely that this family of Paschen�s curves would be everywhere parallel. Thus, the humidity 
correction factor for uniform field gaps will probably be a function of the gap length times the air 
density. Because of the correspondence between gap length and radii of curvature, it is likely that the 
humidity correction factor for curved objects is a function of the radii of curvature. Thus, the 
humidity correction factor for wires is quite likely a function of the wire diameter. It seems probable 
that the humidity correction factors presented in the standards would correspond to objects with 
relatively large radii of curvature, similar to the case for the air density correction factors. 

In order to understand the real effect of humidity, a set of measured Paschen�s curves parametric in 
the mixing ratio is needed. A second set of similar data should be measured for corona onset on 
wires. Based on the limited data available, we believe the frequency effect is a strong function of 
both humidity and radii of curvature (see Chapter 6). In order to help sort out these effects, data for 
both the parallel plate and wire geometry should be measured at several frequencies up through the 
LF band. 
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CHAPTER 4 CALCULATING ELECTRIC FIELDS 

BACKGROUND 
Electrical breakdown of the air in the vicinity of high-voltage hardware occurs when the voltage 

reaches some critical value. Based on Townsend�s theory and Paschen�s measurements, the 
breakdown is the result of strong electric fields in the immediate vicinity of the surface of the 
electrode.  Breakdown is actually a function of the integral of the electric field from the surface out 
over the active ionization region.  For this reason the field on the surface at breakdown is a function 
of the radius of curvature and other surrounding objects. However, for a given radius of curvature 
breakdown is essentially a function of the surface field on the electrode.  For most cases, breakdown 
occurs where the surface field is a maximum.  Thus for a given object the maximum surface field 
closely tracks breakdown and is the single parameter best used to estimate the breakdown level. 

Professor Kreuger of Delft University of Technology in the Netherlands states that there are two 
things needed for successful high-voltage design (Kreuger, 1991). One is an accurate knowledge of 
the electromagnetic fields around the design object and the second is accurate information about the 
critical field level at which breakdown occurs. He states that �nowadays with the advent of modern 
computer technology, the first is readily available but the second is not so easy to find.� When we 
began the Navy�s VLF/LF High-Voltage project, neither was readily available. In fact, the Navy 
funded a Canadian group to develop an electrostatic field calculation computer program, and that 
group has since become one of the world�s leading suppliers of such software.  

The electrical breakdown process is highly non-linear, and the breakdown voltage of any 
complicated object can only be determined empirically. From Townsend�s theory, it is clear that the 
most important parameter directly involved in breakdown is the electric field on the surface and how 
it decreases with distance from the surface. The determination of the electric field strength is often 
not easy, especially when the field is highly non-uniform. In general, direct measurement of the 
electric fields is impractical. However, it is usually easy to measure the voltage on the object. The 
time-honored technique for determining the electric field at breakdown is to measure the breakdown 
voltage and then calculate the electric field that results from the measured voltage and the shape of 
the object. This is the process used to determine the critical breakdown fields. Once the critical field 
has been determined for a given radius of curvature and atmospheric conditions, this information can 
be used in design or analysis. Consequently, calculation of electric field is an essential part of the 
science and engineering associated with high-voltage design. 

In early studies of electrical discharge in gases, experimenters did not have the luxury of 
computers to provide numerical solutions for electric field strengths. As such, they were forced to 
limit their measurements to simple geometric configurations for which field strength could be 
calculated analytically. Often the objects investigated had a two-dimensional or rotationally 
symmetric geometry so that the electrostatic problems could be solved by the use of images or 
conformal transformations. These configurations include two parallel plates: a cylinder parallel to 
and above a ground plane and a sphere above a ground plane. These configurations are briefly 
discussed in Chapter 3 and illustrated in Figure 3-1. Maxwell himself worked out many of these 
solutions. The case of the cylinder above ground is equivalent by image theory to the case of two 
parallel wires. Similarly, the case of the sphere above ground is equivalent by image theory to the 
case of two separated spheres. Approximate solution can be obtained for some more complicated 
configurations; for example, the case of a cage or bundle of parallel wires, parallel to and well above 
a ground plane. 
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The initial empirical investigations of breakdown focused on the simple geometric configurations 
of parallel plates and a wire above a ground plane. The fields for these cases are quite easy to 
calculate and values of the critical electric fields were inferred by calculation from the voltage 
measurements. With few exceptions, real-world high-voltage hardware is more complicated than 
hardware corresponding to the above simple geometric configurations. Before field computation 
software became readily available, the design approach was to obtain estimates derived from simple 
geometric configurations similar to the actual configuration and then design with large safety factors 
to compensate for uncertainties in the estimation process. 

These days the computers and software necessary to make calculations of electromagnetic fields 
are readily available. It is common knowledge that is unwise to use computer-generated data for 
engineering purposes without some form of validation.. This is especially true for computer programs 
that calculate electromagnetic fields. There is still considerable art involved with the application of 
these programs for obtaining calculations with the required accuracy. This is particularly true for 
three-dimensional cases. In this chapter, we discuss the process that we used to validate the computer 
calculations. The computer programs have been applied to the simple geometric configurations that 
have analytic solutions. In this way, we can try various techniques and develop an appropriate 
method that yields answers of acceptable accuracy. As it turns out, this requires considerable effort, 
and we felt that what we learned in this process may be valuable to others. 

The chapter includes the discussion of the analytic solution for a few simple geometric 
configurations, previously discussed in Chapter 2 but included here for completeness, followed by a 
discussion and examples of the application of the computer programs to treat both the simple 
configurations and more complicated configurations. 

SIMPLE GEOMETRIC CONFIGURATIONS 

Parallel Plates 
The simplest geometry for which the field can be calculated involves parallel plates. The 

calculation of the electric field strength for this case is trivial. This was the geometry investigated by 
the first experimenters. The electric field strength, E, throughout the gap is given by the voltage, V, 
divided by the gap length, l. 

  l
VE =

 
Any practical parallel plate configuration has finite-sized plates. There tends to be a charge 

concentration on the edge of the plates that depends on their shape. This can result in breakdown 
occurring near the edges of the plate and not in the field in the gap, leading to results significantly 
different from those for infinite plates. Consequently, the plates used for uniform field breakdown 
measurements should have rounded edges, so that breakdown occurs in the uniform field region of 
the gap. Rogowski (see Cobine, 1958, p. 177), using conformal transformation theory for the case of 
two-dimensional electrodes, discovered a way to design the plates such that the field on the edges of 
the gap is less than the field at the center. He found an analytic solution for the appropriate shape, 
now called a Rogowski surface. Although this shape is based on a two-dimensional solution, it is 
truncated and used to make rotationally symmetric electrodes for testing the dielectric strength of 
materials such as oil. 

There is no analytic solution for the rotationally symmetric case, but shapes based on the 
Rogowski concept work very well. It is now possible to adaptively find the �optimum� shape of 
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electrodes for most any application by using the computer (Kato & Okubo, 1997; Okubo et al., 
1997). 

Coaxial 
Peek and others made measurements for coaxial configurations. Again for this case, the calculation 

of the electric field strength is trivial. The field anywhere in the gap between the center conductor 
and the outer conductor is in the radial direction and given by 

  .  
ln

1

⎟
⎠
⎞

⎜
⎝
⎛

=

a
br

VE  

  where  r is the radius to the field point, 
     a is the radius of the inner conductor, and 
     b is the radius of the outer conductor. 

For this configuration, the maximum field occurs on the center conductor and is given by 

  .  
ln
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⎜
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=

a
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VE  

Both of the above expressions for the electric fields are exact. However, in actual practice it is 
important to consider the field modifying effects of guard rings at the ends of the center contuctor. 

Isolated Conducting Sphere 
An isolated conducting sphere in free space can be treated as if it had a point charge at the center. 

By Gauss� theorem, the electric field from a point charge at the origin in free space is given by  

  r
r

qE �
4 2

0πε
=   (4-1) 

  where q is the charge, 
    ε0 is the permeability of free space, and 
    r is the distance from the charge. 

Surfaces having equal potential are defined by 0� =⋅ nE  on the surface. Since the field is radial, 
the equipotential surfaces are spheres centered on the point charge. Thus, the fields outside of a 
charged conducting sphere (an equipotential surface) in free space are same as the fields due to a 
point charge at the center of the sphere. By Gauss� theorem, the magnitude of that point charge is 
equal to the total charge on the sphere. 

The potential (voltage) at any point in space around a point charge can be determined by 
integrating the force on a sample charge moved in from infinity (zero voltage). For the case of a 
charge located at the origin, the voltage (V) at any point can be expressed by the following integral: 

  
10

2
0 44

1

r
q

r
drqV

r

πεπε
=−= ∫

∞

  (4-2) 

  where r1 is the distance from the charge to the point where the voltage is calculated. 

 4-3



Chapter 4 Calculating Electric Fields  VLF/LF High-Voltage Design and Testing 

If the sphere has a radius, a, the voltage on the sphere is given by the following: 

  .    
4 0a

qV
πε

=  (4-3) 

Solving for q and substituting into the Equation 4-1 for the electric field around the point charge 
gives  

  
.  �

2 r
r

aVE ⋅
=

 (4-4) 
On the sphere surface the magnitude of the electric field is given by 

  .  
a

VE =  

Point or Line Charge above a Ground Plane 
Both these problems can be solved exactly by image theory. Figure 4-1 illustrates the geometry 

where the charge in the upper part of the figure represents either a point charge or a line charge above 
an infinite perfectly conducting ground plane. The image is given opposite charge and is placed an 
equal distance below the ground plane. The component of the electric field parallel to the ground 
plane is equal and opposite for the source and image. Thus this component is zero, satisfying the 
boundary condition for a perfectly conducting ground plane. The uniqueness theorem says that there 
is only one solution for the electromagnetic fields that satisfies the boundary conditions. Therefore, 
the configuration consisting of the charge plus the ground plane is equivalent to the configuration 
consisting of the charge and its image. Of course, this solution is valid only in the region above the 
ground plane. For the case of a point charge, the electric field above the ground plane can be simply 
calculated by using Equation 4-1 and superimposing the field from both charges. 

 

Figure 4-1.  Line charge or point charge above a perfectly conducting plane. 
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Point Charge Near Conducting Sphere 
This problem consists of a point source charge located outside of a conducting sphere. It can also 

be solved exactly by image theory. In this case, the conducting sphere is replaced by an image 
charge. Figure 4-2 illustrates the geometry. The source charge is located a distance, d, away from the 
center of the sphere. The image charge is offset from the center of the sphere by the distance, O. The 
field from the charge and its image are given by superposition using Equation 4-1, with suitable 
transformations for the location of each charge. 

 

Figure 4-2.  Point charge near a sphere. 

The potential (voltage) at any point in space can be determined by application of Equation 4-2. 
Superposition holds and the voltage at a point due to a group of charges is equal to the sum of the 
voltages from each charge. The voltage at any point is given by the following equation: 

  
⎭
⎬
⎫

⎩
⎨
⎧

+⋅=
2

2

1

1

04 r
q

r
q

r
qV
πε

 

  where  r1 is the distance from the charge and, 
     r2 is the distance from the image. 

The magnitude of the image charge and the offset can be determined by setting the voltage at 
points P1 and P2 equal to zero (Figure 4-2). For this condition, it can also be shown that the voltage is 
zero everywhere on the sphere (Lorrain and Corson, 1970, p. 147). The resulting image charge and 
offset are given by the two equations below. 

  
d

aOq
d
aq

2

12   , =⋅−=  

These two charges can be used to calculate the exact field and voltage (potential) everywhere 
outside of the sphere, given the sphere surface is at zero voltage. 

The sphere can have a voltage other than zero by simply adding a charge at the center. The fields 
from the center charge are perpendicular to the surface of the sphere, and therefore it remains an 
equipotential surface. The voltage on the surface of the sphere due to the external charge, and its 
image is zero since the net charge on the sphere is zero. The voltage on the sphere�s surface is 
determined only by the charge at the center, which is given by Equation 4-3. 
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Charged Sphere above Ground Plane 
This problem can also be solved exactly using image theory to generate an infinite series of images 

that amount to successive approximations. This series converges rather rapidly. The series of images 
is started by placing a charge at the center of the sphere, located a height, h, above a perfectly 
conducting ground plane. The charge at the center of the sphere results in a negative image located at 
a distance, h, below the ground plane. This image then results in a positive image in the sphere, with 
a magnitude a/2 times the first charge, offset from the sphere center by the distance a2/2h. This 
results in another negative image below the ground plane, etc. This series of images converges 
rapidly and can be used to accurately calculate the capacitance for the sphere above ground and the 
potential (voltage) and electric field everywhere outside of the sphere and above the ground. A 
spreadsheet can be set up to calculate these charges and their fields. Table 4-1 shows the first seven 
charges that appear in the sphere and their images. Note that the seventh charge has a value less than 
0.00005, which illustrates how fast the series converges. For the example given in Table 4-1, the 
separation between the bottom of the sphere and ground, S, (see Figure 2-1C), is equal to two sphere 
radii. An increasing number of terms are required as the value of S approaches zero. 

The voltage on the sphere is determined only by the first charge, which in Table 4-1 was assumed 
equal to 1. The capacitance is determined by the total charge on the sphere. Thus, the capacitance of 
the sphere, normalized to the capacitance it would have in free space, is equal to the converged value 
of the total charge (bottom of the fourth column of Table 4-1), in this case about 1.2. Thus, for the 
case of the sphere separated from ground by two radii, the capacitance is 20% higher than it would be 
for free space. 

 

 

 
 

Table 4-1. Charged sphere above ground. 

 h =  3 Height of sphere center 

 a =  1 Radius of sphere 

 S =  2 Separation of sphere from ground  

Sphere side of plane Image side of plane 

Charge 
Number 

Individual 
Charge 

Distance 
from center

Total 
Charge on 

Sphere 

Image 
Charge 

Distance 
from Center 

1 1.0000 0 1 -1 6 

2 0.1667 0.1667 1.1667 -0.1667 5.8333 

3 0.0286 0.1714 1.1952 -0.0286 5.8286 

4 0.0049 0.1716 1.2001 -0.0049 5.8284 

5 0.0008 0.1716 1.2010 -0.0008 5.8284 

6 0.0001 0.1716 1.2011 -0.0001 5.8284 
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7 0.0000 0.1716 1.2012 0.0000 5.8284 
 

Given the charges, the corresponding electric fields can be calculated simply using Equation 4-1 
and superposition. Figure 4-3 gives the calculated results for the capacitance and electric fields 
associated with a sphere above ground using this technique. In Figure 4-3, the capacitance and fields 
are normalized to the value they would have in free space. For example, C/Co represents the 
capacitance of the sphere divided by the capacitance it would have in free space. Similarly Es/Eso 
represents the field on the sphere divided by the field that would be on the sphere (for the same 
voltage) in free space. As shown in Figure 4-3, the capacitance and the fields are increased by the 
presence of the ground. As the sphere is moved farther away from ground, the values of both C/Co 
and Es/Eso are asymptotic to 1, indicating that they approach the value they would have in free 
space. The term Eg/Ego represents the field at ground plane divided by the field that would be 
present at that point if there were no ground plane. This term has value asymptotic to 2 because the 
boundary condition at the conducting ground plane doubles the field. Note that both Es/Eso and 
Eg/Ego are asymptotic to 1/S when S/a becomes small. 

1

10

100

0.01 0.1 1 10
S/a

E
/E

o 
& 

C
/C

o 

Eg/Ego 
Es/Eso 
C/Co 

 

Figure 4-3.  Capacitance and fields from a charged sphere above ground. 

As previously discussed, the voltage on the sphere is determined only by the charge at the center. 
This charge can be adjusted to give any desired value for the voltage. The case of a sphere above 
ground is exactly analogous to two spheres, one at the positive voltage and the other at the negative 
voltage. The voltage on each sphere can be individually adjusted by changing the charge at the 
center. For the case of two spheres, one charged but the other floating (i.e., not connected to 
anything), the net charge on the floating sphere must be zero. This is accomplished by setting the 
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charge at its center equal to the sum of all the image charges. This center charge defines the voltage 
that the floating sphere takes on. The second sphere could also be forced to some other voltage by 
connecting it to a voltage source. It turns out that the electric fields around that sphere are at a 
minimum when the voltage on the sphere is the same as it assumes when it is floating. This is 
because there is no net charge on the sphere at this voltage. 

Voltage for a Line Charge Above Ground 
Figure 4-1 illustrates the geometry involved. Note that the line charge above ground has a linear 

charge density of ql coulombs/meter. The effect of the ground plane can be taken into account exactly 
by removing the ground plane and the introduction of an image charge of opposite sign (-ql) at twice 
the distance to the ground. Two cylindrical coordinate systems have been assigned, one centered on 
the charge above the ground, denoted by r, and θ and the second centered on the image charge 
denoted by r� and θ�. 

Gauss� law gives the electric field around a line charge by the following equation: 

  r
r

q
E l �

2 0
⋅=

πε
 

The voltage (potential) at a point in space can be determined by integrating the force on a point 
charge moved in from infinity (presumably at zero voltage). Superposition holds and the voltage 
from a group of charges is equal to the sum of the voltages from each charge. For the situation shown 
in Figure 4-1, the voltage at the point, P, a distance, r1, from the original charge and a distance, r2, 
from the image charge can be expressed by the following integral: 
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The first term in the above integral represents the voltage due to the original charge while the 
second term, using primed coordinates, represents the voltage due to the image charge. Note that 
each integral results in a natural logarithm. The limit at infinity results in what appears to be two 
singularities. However, these singularities can be eliminated as follows. First, rewrite the first 
integral, separating it into two parts:  

   ∫∫∫ +=
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1
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Substituting this into the first equation, the overall integral becomes: 
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The two semi-infinite integrals can be combined, and the result is a semi-infinite integral with an 
integrand of zero that can be shown to be equal to zero, leaving the following result: 
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The above equation can be used to calculate the voltage due to a line charge (parallel to ground) at 
any point above the ground. By image theory, the same equation applies to two parallel line charges 
of opposite sign. The log term on the right-hand side is sometimes referred to as the Gaussian 
potential or the Gaussian coefficient. 

From the above equation, it is seen that equipotential surfaces are defined by the loci given by  
r2/r1 = constant. These equal potential surfaces can be shown to be circles around both the line charge 
and its image. The centers of these circles are offset from the charge location by an amount that 
depends on the charge height and the radius of the equipotential surface. When the charge is very far 
away from the ground, the offset approaches zero. 

Line Charge Near a Cylinder 
Image theory can be used to solve the case of a line charge near a cylinder. The geometry looks the 

same as for the case of the point charge near a sphere, shown in Figure 4-2, except the circle 
represents an infinite cylinder. For this case, the image charge is equal and opposite to the source 
charge, and the Gaussian potentials can be used. Setting the voltage (potential) at points P1 and P2 
equal gives the equation for the offset. 
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Setting these two expressions equal gives  
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Solving for the offset gives  
. 

2

d
aO =

 

Single Wire above Ground 
Voltage on Conducting Cylinder above Ground 

Figure 4-4 illustrates the case of a conducting circular cylinder parallel to and above ground. The 
cylinder has radius, a, and the center is located at a height, h, above ground. The surface is assumed 
to be at voltage (V) and, because it is a good conductor, the entire cylinder surface is at this voltage, 
defining an equipotential surface. As shown above, the equipotential surfaces for a line charge above 
a ground are circular cylinders. Thus, an equipotential surface corresponding to the surface of the 
cylinder can be generated by a line charge and its image.  To match the equipotential surface to the 
cylinder the location of the line charge is offset from the center of the cylinder by a distance O (see 
Figure 4-4). The magnitude of the offset (O) can be determined by solving the equations resulting 
when the voltages at two points on the cylinder are set to be equal as follows. 
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Figure 4-4.  Charged cylinder above ground. 

The voltage of the two points at the top and bottom of the cylinder, P1 and P2, respectively, can be 
expressed using the Gaussian potentials. 
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Since the voltage at these two points must be equal (V1 = V2 = V), it follows that 

  oa
oah
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oah

+
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−− 22

 

Solving for O leads to the quadratic equation: 

   02 22 =+⋅⋅+ aoho
with solutions  

  22 ahho +±=  

The negative sign for the square root is chosen so that the offset is less than the radius of the 
cylinder, and hence that line charge is inside of the cylinder. The offset resulting from selecting the 
opposite sign for the square root corresponds to the offset to the image charge on the other side of the 
ground plane. Thus, selection of either sign results in the two line charges being located in the same 
place. 
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The offset can be substituted into the voltage equations to solve for the voltage on the cylinder as 
follows. Substituting for O in the argument of the logarithm for either of the equations for the 
voltages at P1 or P2 gives the same result. 

  
( )
( ) 22

22

22

2222

ahah

ahah

ahha

ahhah
oa

oah

+−+

+++
=

−−+

++−+
=

+
−+

 

Dividing the numerator and denominator by 22 ah +  leads to 
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Substituting this into the equation for the voltage on the cylinder gives  

  ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−−+

−++
=

ahah
ahahq

V l ln
2 0πε  

This can also be rewritten  
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This equation is the exact solution for the two parallel wires, or for a wire parallel to and above a 
ground plane, based on image theory. 

If h >> a, the expression inside the log term approaches (2h/a) and  
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Note that these equations can be inverted to solve for the charge density, given the voltage on the 
cylinder. For example, solving for the charge density in the simplified equation 
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The exact solution can be simplified by using  
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By using the above identity an expression for the voltage on the cylinder can be obtained as 
follows. 
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When x is small tanh-1 (x) is approximately equal to x and  

ah
ahq

V l
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0επ
     (lim h => a) 

Field on Line between Charge and Image 

General Field Expression 
The field on the surface of the cylinder is maximum where it is nearest to ground (i.e., P1 in Figure 

4-4). The fields can be calculated as the superposition of the field from the line charge at the offset 
location inside of the cylinder and its image. Note that this field is a vector, and the direction from 
each charge must be taken into account. However, for any point along the line between the two 
charges, the direction of the fields from each charge are in-line and add directly with angle 
dependency reduced to sign. In Figure 4-4, a field point, P, is shown located on the line between the 
offset charge and its image. The distance from the center of the cylinder to the field point is r. Note 
that the offset is also on the line between the charge and its image. The distance from P to the offset 
charge is equal to (r-O), while the distance to the image charge is (2h-r-O). The field at P is given by  
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Substituting for the offset (O) gives  
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Substituting for ql gives the following  
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Substituting the identity two times the hyperbolic tangent for the log term gives another equivalent 
form  
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Field on Cylinder Surface (r = a) 
Exact Expression 

At the surface of the cylinder, the radius is (a). Making this substitution in the above equation 
gives the maximum field on the cylinder surface at the location closest to ground. 
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Note that the above equation can be converted to the logarithmic form by substituting the identity for 
tanh-1. 

Asymptotic Expressions (r = a) 

There are two limiting cases where asymptotic expressions can be derived. The first is when the 
cylinder is far above the ground (i.e., h >> a). For this case, the above equation can be written as 
follows. 

Approximation 1 for r = a, h >> a 
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This equation is easy to remember and accurate even fairly close to the ground. 

At greater heights, this equation can be further refined as follows. 

Approximation 2 for r = a, h >> a 
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This is a classic, often-used equation, which can be derived by ignoring the offset. 

Similarly, another set of asymptotic formulas can be developed for the case of the cylinder very 
close to the ground (i.e., h => a). In this case, the approximation for the inverse hyperbolic tangent 
of a small argument is used. 

Near Approximation 1 for r = a, h => a 
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This expression can be further reduced as follows. 

Near Approximation 2 for r = a, h => a 

  
S
VE =  

  where  S is the separation between the cylinder surface and the ground (i.e., S = h�a). 

Field on Ground Surface (r = h) 
General Expression 

The field on the ground directly under the cylinder is given by substituting h for r in the general 
expression. 
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This is an exact result and again the identity for two times tanh-1 can used to obtain the form using 
the logarithmic expression. 

Asymptotic Expressions (r = h) 

Asymptotic formulas can also be developed for this case as follows. The same two limiting cases 
are examined. The first is when the cylinder is far above the ground (i.e., h >> a). For this case, the 
above equation can be written as follows. 

Approximation 1 for r = h, h >> a 

  
⎟
⎠
⎞

⎜
⎝
⎛

⋅
−
+

⋅⋅=

a
hah

ah
S
VE

2ln

12  

  where  S is the distance between the cylinder surface and the ground plane. 

For greater heights, this can be further reduced to the following. 

Approximation 2 for r = a, h >> a 
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Note that this is the same equation that is derived by ignoring the offset. 

When the cylinder approaches ground (i.e., h => a), the approximation for the inverse hyperbolic 
tangent of a small argument is used and gives the following approximate form. 

Near Approximation 1 for r = a, h => a 

  S
VE =

 
  where S is the separation between the cylinder surface and the ground (i.e., S = h�a). 

Note that there is only one approximate form in this case and it is asymptotic to the same value as 
the field on the cylinder. 

Limits of Validity 
We have made calculations comparing results of the exact formula with results from the 

approximate formulas to determine their limits of validity, which are given in the table below. 
Approximation 1 is very useful, since it is easy to remember and calculate, and it gives excellent 
results as long as h/a > 3.5. The simple logarithmic approximation (2) has considerable error unless 
h/a is quite large. 
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Table 4-2.  Error bounds of the approximate formulas for the maximum electric field on a cylinder 
above ground. 

r = a Error < 1 % Error < 5 % Error < 10 % 

Approx 1 h/a > 3.5 h/a > 2.0 h/a > 1.6 

Approx 2 h/a > 100 h/a > 20 h/a > 10 

Near Approx 1 h/a < 1.06 h/a < 1.35 h/a < 1.70 

Near Approx 2 h/a < 1.03 h/a < 1.17 h/a < 1.35 

r = h Error < 1 % Error < 5 % Error < 10 % 

Approx 1 h/a > 3.5 h/a > 2.0 h/a > 1.6 

Approx 2 h/a > 100 h/a > 20 h/a > 10 

Near Approx 1 h/a < 1.06 h/a < 1.35 h/a < 1.70 
 
Derivative of Field 

In the section above, the general expression for the field on a line between a charged cylinder 
above ground and its image was derived. The field, as a function of the distance from the center of 
the cylinder, is given by 
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Taking the first derivative with respect to r yields 
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It follows that 
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A useful formula is obtained when the derivative of the field at r is normalized to the value of the 
electric field at r. 
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The value of this normalized derivative has been evaluated at three locations of interest. 
  (1) At the ground, r = h, and the derivative is zero. 
  (2) At the surface of the cylinder, r = a, and the normalized derivative has the surprising value: 

 4-15



Chapter 4 Calculating Electric Fields  VLF/LF High-Voltage Design and Testing 

  
( )
( )

( )
( ) aaha

ah
rE
rE 1

2
2

−=
−
−−

=
′

 

Thus, at the cylinder surface, the magnitude of the normalized derivative is always equal to one 
over the radius of the cylinder (1/a), independent of cylinder height. 

(3) The normalized derivative becomes singular when the denominator equals zero. It is easy to 
show that this occurs when the radius equals the charge offset, which implies that the singularity 
occurs at the location of the charge. 

Multiple Wires (Cages) above Ground 
When several parallel energized conductors are near each other, the surface electric field on the 

conductors is reduced over what it would be on a single wire. The configuration of parallel 
conductors is known as a bundle or sometimes as a cage. The application of multi-wire cages to high-
voltage antennas and power distribution systems goes back many years. Early workers found that 
several wires together could carry more voltage than a single wire without corona (Clark, 1932; 
Temoshok, 1948; Adams, 1955; Miller, 1956, 1957). 

These early workers developed approximate formulas to calculate the surface electric fields on the 
wires in a cage. Now it is simple to use a computer and calculate the fields on cage configurations 
consisting of parallel wires above ground. By using modern computer techniques and extensive 
calculations, we have discovered a modification to the simple formula that provides more accurate 
results. The formula is a very good approximation and useful for design.  

Definitions/Geometry 

The geometry for a general n-wire cage is illustrated in Figure 4-5. The cage center height above 
ground is (h), the radius of the cage is (b), and the radius of the individual wires is (a). MKS units are 
used. 
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Figure 4-5.  n-wire cage geometry. 

Assumptions 

There are several assumptions needed for the derivation: 

1. The wires are parallel to each other and to ground. 
2. The wires are perfectly smooth circular cylinders. 
3. The wires and the ground are perfect conductors. 
4. All the wires are at the same voltage V. 
5. The wires all have the same radius. 
6. The wires are uniformly separated on a circle of radius b. 
7. The wires are much farther above ground than the cage radius b (i.e., h >> b).  

 

The last assumption results in the simplifications: 

1. The charge is the same on all wires. 
2. The electric field in the vicinity of the wires is not affected by the presence of the ground. 

However, the charge magnitude is affected. 
 

Theory 

Matrix Equations 
The charge on each wire is assumed to be a filament located at the center of the wire. This is a 

valid approximation if the wires are separated far from ground and from each other relative to their 
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diameter. As the wires come closer together, this approximation breaks down. This effect will be 
examined in the following section and a correction term developed. 

Following the notation and method of Miller (1956) and assuming a charge at the center of the 
wires, the Gaussian potentials define the relationship between voltages and charges: 

Self potential  
02
)/2ln(

επ ⋅⋅
= i

ii
ah

P  

Mutual potential 
02

)/ln(
επ ⋅⋅

= ijij
ij

dD
P  

  where  ai is the radius of the i-th wire, 
     dij is the distance between wires i and j, while 
     Dij, is the distance between wire i and the image of wire j reflected in the ground plane. 

The relationships between voltage and charges are given by  
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  where  qi is the charge and  
     Vi the voltage on the i-th wire. 

These equations can be rewritten in matrix notation. 
  [ ] [ ] [ ]qPV ⋅=  

  where q is a column vector corresponding to the charge on each individual wire. 

Simplified Equations 
The above equations can be solved for the general case of different voltages, wire diameters, and 

locations. This may be required in some cases; for example, to obtain charge densities on multiphase 
power lines in proximity to each other and ground. See, for example, Doyle et al. (1982) as well as 
Miller (1956) and Adams (1955). However, for complicated cases, it is simpler to use the two-
dimensional electrostatic computer programs now available. 

The formulas can be greatly simplified for a single bundle composed of wires all having the same 
radius (a), the same voltage (V), and located at a large distance above ground with respect to bundle 
dimensions:   
  VVVV n ==== L21  
  aaaa n ==== L21  

The fact that h >> b leads to the approximation that  
  DhDij =⋅≅ 2   for all values of i, j and 

  qqqq n ==== L21  
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Substituting the above into the matrix equation and using reciprocity (Pij = Pji), leads to a single 
equation that can be solved for the charge density on the individual wires: 
  )/( 1211 nnPPPVa +++= L  

Capacitance – Equivalent Radius 
The total charge on the bundle (per unit length) is given by 

  qnQ ⋅=  

The total capacitance (per unit length) of the bundle is  
  )/(/ 11211 nPPPnVQC +++== L   (4-5) 

For a single wire, the capacitance is  
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Using Gauss� law for the field around the single wire gives  
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In general, the formula for the surface electric field on the wires of a cage contains one term 
related to geometry (enclosed in { }) and another term related to capacitance (enclosed in [ ]). 

General Case (n-wires) 
The general case of n wires uniformly spaced on a circle of radius b is illustrated in Figure 4-5. 

The spacing between the centers of wires 1 and j (d1j) is  
  )/sin(21 njbd j π⋅⋅=  

Substituting into Equation 4-5 gives 
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The log terms in the denominator can be combined to give 
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This equation can be further reduced using the following identity (Appendix 4A). 
  nnnnjnn =−⋅ )/)1sin((2)/sin(2)/2sin(2)/sin(2 ππππ LL  

The approximate equation for the capacitance (per unit length) of a cage becomes 
  

)]/2ln(/[2 0 eqCn ahnnC πε=
  (4-7) 

  where  is the cage equivalent radius for capacitance. )/1()1( )( nn
eqC naba −=

The cage equivalent radius for capacitance corresponds to the radius of a single wire that has the 
same capacitance per unit length as the cage. Note that Equation 4-7 has the same form as Equation 
4-6. 
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This simple expression for the capacitance per unit length is quite accurate as will be shown later. 
This result is equivalent to one given by Grover (1928), although he did not obtain the closed form. 
The closed form expression is included in gradient formulations given by Crary (1932) and 
Chaudhari�s comment in (Miller, 1956). The above expression for equivalent radius is the same as 
the geometric mean radius of the cage (Grover, 1928) and gives the correct inductance for the cage in 
the high-frequency limit. Schelkunoff (1952, p. 110) has derived the same expression for equivalent 
radius by a completely different method and shows that it gives the correct value for the transmission 
line impedance of a multiple wire cage. 

Cylindrical Geometry 

If the cage of wires is located at the center of a cylinder of radius R instead of at a height h above 
ground, the formula for capacitance uses the same equivalent cage radius aeqC except that the factor 
2h is replaced by R.  

Capacitance in the Presence of Other Wires 

Two-wire Case 
Often it is desirable to design a multi-wire cage for each of two or more separated wires carrying 
a high voltage. The presence of the other wires modifies the capacitance of each wire. For certain 
conditions, the effect of this modification can be accounted for by changing the apparent height 
of the wire. 

The equations for the two-wire case are 
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  where D is the slant distance between one wire and the image of the other wire, and 
     S is the separation distance between the wires. 

If each of the two wires were caged, the radius a should be replaced by aeqC . 

If both wires have the same radius a (or aeqC) and the same voltage, by symmetry they have the 
same charge, and the equations can be reduced to 
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For this case, the capacitance of each individual wire (cage) is given by  
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From the above equation, it can be seen that the capacitance of each wire is the same as that of a 
single isolated wire, but at a different height. This new height is defined to be the apparent height 

given by h h D
Sa = ⋅ . For this case, each wire can be treated as a single isolated wire at a new 

4-20 



VLF/LF High-Voltage Design and Testing  Chapter 4 Calculating Electric Fields 

apparent height. The conditions required are that both wires have the same radius, height above 
ground, and voltage. For the case of caged wires, a is replaced with aeqC, which must be the same for 
both wires. 

Infinite Wire Grid 
Another interesting configuration that lends itself to an analytical solution is an infinite number of 

parallel wires separated by the distance S and located at the same height above the ground. This 
problem can be treated in the same manner. The capacitance per unit length of each wire is derived in 
Appendix 4B and is given below.  
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where X is given by 
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This equation is similar to the two-wire case, and the concept of an apparent height is also valid for 
this case. The apparent height is given by  
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For the two cases considered, the apparent height is considerably higher than the actual height. 
This means that the capacitance per unit length is reduced over what it would be if the wire were 
isolated. Less capacitance implies less charge and therefore reduced fields. The reason for the 
reduced capacitance is that the wires at the same voltage partially shield each other. The two cases 
presented have nice solutions for apparent height. Other cases with different configurations for the 
shielding objects may not have such nice solutions. Nevertheless, the effect of such shielding will 
always cause an increase in the apparent height. 

Surface Electric Field – Theory 

Simple Geometric Theory 
The electric field on the surface of a wire in the cage configuration is calculated by superimposing 

fields caused by the charges on each wire. From symmetry it can be shown that the location of the 
maximum electric field on the surface of one of the cage wires will be at the point on the wire that is 
directly away from the center of the cage. For example, Figure 4-6 shows a three-wire cage and 
illustrates the method of calculation of the maximum field on one wire by vector addition of the 
fields due to the charge on that wire, plus the radial component of the fields due to the charges on the 
other wires. Assumptions operating here are that the fields from the images (below the ground plane) 
are negligible and the charges on each wire act as a filament located at the center of the wire.  

The field due to the charge on the wire itself is radial and from Gauss� law is given by 
)2/( 0 aqE ⋅⋅= επ , where q is the charge on the individual wires, given by nVCq n /= . The fields 

due to the charges on the other wires must be vectorally added to the self-field to obtain the total 
field. The magnitude of the fields from the other wires can be approximated by calculating them at 
the point corresponding to the center of the wire in question, as if the wire were not there, and then 
modifying that result due to the presence of the cylinder. The effect of the wire (cylinder) can be 
approximated by assuming that the field is uniform and therefore is twice the free space value at the 
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point where the field is perpendicular to the surface (Morse & Feshback, 1953). Crary (1932) seems 
to be the first to have suggested this approximation. This factor of two can also be derived using 
image theory. The uniform field approximation is accurate when the wires are well separated but 
becomes less accurate when the wires are closer together. 

 

Figure 4-6.  Field calculation for three-wire cage. 

Using the method illustrated in Figure 4-6 and the geometry of Figure 4-5, it can be shown that the 
field at the location of the center of wire 1 due to the charge on the j-th wire is given by  
  )}/sin(22/{)2/( 001 njbqdqE ijj πεπεπ ⋅⋅⋅=⋅=  

To determine the radial component the above term is multiplied by  which cancels out the )cos( jx
)/sin( njπ  term (see Appendix 4C, Figure C-1). Thus, at the center of any wire, the radial 

component of the electric field due to the charge on each of the other wires is identical and given by 
the following:  
  E q b= ⋅ ⋅/ ( )4 0π ε  

The maximum surface electric field on a cage wire is then approximated by the sum of the field 
from the wire itself plus twice the sum of the contributions from the other wires. 
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The charge q in the equation above is the charge on an individual wire, which can be determined 
from the total cage capacitance and the voltage. 
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Substituting for q gives  
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Further substituting for Cn gives 
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Note that the brackets {} contain the geometry term and the square brackets [ ] contain the 
capacitance term. Equations 4-8 and 4-9 are derived from the simple geometric theory (SGT). This 
formula appears in Chaudhari�s comment on Miller�s (1956) paper and also in (Smith, 1985). 

Complete Geometric Theory 
The basis of simple geometric theory is that the electric fields on one wire due to the charges on 

the other wires are estimated by calculating the field at the center of the wire as if the wire was not 
present. The field is then doubled to account for the effect of the cylinder. This approach is valid 
when the wires are separated far enough so that the fields from the charges on the other wires are 
approximately uniform over the space occupied by the wire on which the field is being calculated. 
This assumption is invalid when the wires are close to one another. For the latter case, a better 
approximation is to use twice the field strength calculated at the surface of the cylinder instead of the 
center of the cylinder. This is the basis of the complete geometric theory (CGT). Details of the 
derivation are presented in Appendix 4C. The formula for capacitance is the same for both of these 
theories. The resulting equation for the maximum surface field strength is similar to but more 
complicated than that for the SGT. The geometric factor for the two-wire cage is  
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The complexity of the expression for the geometric factor increases as the number of wires in the 
cage increase. Explicit expressions are derived in Appendix 4C for the three- and four-wire cages. 
The general expression for the CGT term involves a finite sum, also given in Appendix 4C. 

Modified Simple Geometric Theory 
For the two-wire cage, the difference between the SGT and CGT expressions for field strength is 

that a/2 has been added to the denominator of the second term in the geometric factor. This suggests 
a modification to the SGT formula using a geometric factor of the form given below. 
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The complete modified simple geometric theory (MSGT) formula follows from this and is given 
below. 
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It turns out that this formula provides surprisingly good fits to field strength estimates determined 
by using the two-dimensional computer programs, for the cases we considered. 
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Computer Calculations 

Calculations for several multi-wire cage configurations have been done using the two-dimensional 
computer program (Electro, 2003). The calculations were done for 2h/a equal to 300 and 5000. The 
case of 2h/a = 5000 corresponds to a 1-inch-diameter wire approximately 10 feet above ground. 
These calculations were done for the number of wires n = 2, 3, 4, 5, 6, and 12. The results of the 
capacitance and surface electric field strength are given in Figures 4-7 and 4-8, respectively. The 
results are normalized to the value for a single wire with the same diameter and at the same height 
above ground. 

The capacitance shown in Figure 4-7 is the total capacitance per unit length of the cage divided by 
the capacitance per unit length of a single isolated wire at the same height. Due to the geometry and 
the exact nature of the computer solution, the charge on each wire is not the same. The charge on the 
wires nearest to ground is slightly greater than the charge on wires further away from ground. Thus, 
the electric field strength and capacitance are slightly different, depending on which wire is 
examined. For this reason, the plots in the figures include a maximum, minimum, and average value 
for both capacitance and surface electric field strength. The difference between the maximum and 
minimum value increases with increased separation between the wires in the cage. In general, the 
difference is less than 1% for all values of b/a between 1 and 50. 

 

 

Figure 4-7.  Capacitance of an n wire cage for several values of n, normalized to the 
capacitance of a single wire, where b = cage radius, a = wire radius, h = height 
above ground, 2h/a = 5000. 

Note that for the two-wire case both wires are at the same height above ground. At large values of 
separation the wires become independent and the total capacitance is asymptotic to twice the 
capacitance of a single wire. 

The surface electric fields curves (Figure 4-8) decrease rapidly at first with increasing separation, 
then more slowly, and then pass through a broad minimum after which they slowly increase. They 
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exhibit a minimum for a particular value of b/a. This implies that there is an optimum cage spacing 
that results in a minimum value for surface electric field strength. The minimum results from the fact 
that the surface electric field strength is the product of the two terms, one related to the geometry and 
the other capacitance. The capacitance term increases approximately logarithmically with separation.  
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Figure 4-8.  Maximum surface electric field on wires in an n-wire cage, normalized to 
that for a single wire, for several values of n, where b = cage radius, a = wire radius, 
h = height above ground, 2h/a = 5000 (2D BEM). 
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This term is less than the value for a single isolated wire provided that b << h. The geometry term 
decreases rapidly with wire separation at first, and then less rapidly, asymptotically approaching the 
value for a single wire. When the wires are less than one wire radius apart, the product of these 
factors is somewhat less than the value for a single isolated wire. At large separation, the product is 
asymptotic to a value less than that for a single isolated wire. For wires near to one another, the 
geometry term decreases faster than the capacitance increases. However, eventually the capacitance 
term dominates so that the product exhibits a minimum value. 

The capacitance term is a logarithmic function of height. The rate increase of the capacitance is 
reduced as height increases. The rate decrease for the geometric term is independent of height. Thus, 
the location of the minimum is a function of height, with the minimum occurring at wider wire 
spacing for greater cage heights.  

Comparison: Theory versus Computer Calculations 

Capacitance 
An extensive comparison of the results obtained using the above formulas for the field strengths 

for wire cages with those obtained by computer calculations has been undertaken (Hansen, 1992). 
The simple capacitance formula (Equation 4-7) was found to be quite accurate over a wide range of 
spacing (b/a). For example, for the case of a two-wire cage with 2h/a = 5000, the simple capacitance 
formula yields results that are within 1.5% of each other when the wires are touching and within 
0.5% when b/a > 2. Calculations for the case of 2h/a = 300 showed that the accuracy of the simple 
capacitance formula begins to decrease if h/b < 5, because the approximation that Dij ≈2h is poor.  

For the cases examined, number of cage wires n = 2, 3, 4, 5, 6, and 12 with (2h/a > 300), the value 
of capacitance estimated by the simple formula was always within 2.5% of the average value 
obtained by the computer calculations. For values of b/a > 3, the formula gives values that are within 
1% of those given by the computer calculations. 

Surface Electric Field 
The formulas for surface electric field strength derived from the expressions given by SGT, CGT, 

and MSGT were compared to the computer-calculated field strengths. The comparison consisted of 
taking the ratio of the results calculated by the formula to the value calculated by the computer 
program. It was found that the SGT formula had large errors for small values of b/a, with the error 
decreasing as b/a becomes larger. For example, the three-wire cage with b/a = 1.5, the SGT error was 
in excess of 30%. Because of large errors for small wire spacing, the SGT formula does not give the 
correct values or wire heights for the minimum surface electric field strength. 

The CGT results were calculated for n = 3 and n = 4. The error for the CGT formula is significant 
at small spacing but less than for the SGT formula. 

The MSGT formula turned out to be the best for all spacing. It has less than a 6% error at very 
small values of b/a and less than 2% error when b/a > 3. The MSGT formula gives the most accurate 
results of the simple formulas tried. Also, important for design, the MSGT formula does give the 
correct value and height for the minimum surface electric field. This formula, equation 4-10, should 
be adopted as the standard formula for cage calculations. 
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Design 

The MSGT formula has been used to develop design procedures for high-voltage cages. The fact 
that there is a wire separation that results in a minimum value of surface electric field strength leads 
to optimum design procedures. The geometry for the minimum is denoted by bmin/a. The value of 
bmin/a is a function of the height of the cage above ground. This value is plotted in Figure 4-9. Note 
that the presence of other wires or shielding increases the effective height of the cage, and this 
increases the wire separation for minimum field strength. 

 

Figure 4-9.  n-wire cage – bmin/a  versus height, where bmin = cage radius when 
surface field is minimum, a = wire radius, h = height above ground. 

It is convenient to convert the optimum wire separation to wire-to-wire spacing S, which is equal 
to d12 in Figure 4-5. This conversion is a simple geometric function of the number of wires and the 
cage radius. The wire-to-wire spacing at the minimum denoted by Smin, is plotted in Figure 4-10. 
From this figure it is seen that Smin is nearly the same for n equals 3 to 6. Smin/a varies logarithmically 
with height and for n equals 3 to 6 is given by the following formula. 

  ⎟
⎠
⎞

⎜
⎝
⎛⋅=

10
/210min ahLog

a
S

 

Note that the slope of Smin/a is different for the two-wire case, but nearly the same for three or 
more wires. For larger values of n, the curves move down slightly, as illustrated by the curve for  
n = 12. 

Table 4-3 gives the values of Smin in terms of wire diameters (2a) for practical heights. For 1-inch-
diameter wires, the values of 2h/a in the table correspond to heights of 20.8, 208, and 2083 feet, 
respectively. For practical cage heights, Table 4-3 shows that the wire-to-wire spacing needed to 
achieve the minimum surface electric field need not be more than 9 to 15 wire diameters for the two-
wire case and 10 to 20 wire diameters for three or more wires. 

4-28 



VLF/LF High-Voltage Design and Testing  Chapter 4 Calculating Electric Fields 

 

Figure 4-10.  n-wire cage –  Smin/a  versus height. 
 

Table 4-3.  Smin/2a for practical values of 2h/a. 

n 2h/a = 1000 2h/a = 10,000 2h/a = 100,000 

2 8.86 13.11 17.5 

3-6 9.75 15.5 21.5 
 

There are several different design methods that can be developed using the MSGT formula 
depending on the design criteria. For example, given (1) the voltage, (2) wire diameter, and (3) the 
critical gradient for that size wire, a design procedure has been developed that finds the minimum 
number of wires required and the minimum wire spacing required (Hansen, 1992). 

Another interesting design approach that can be implemented using the MSGT is to pick the 
number of wires in the cage and find the minimum wire diameter that will meet the surface electric 
field criteria at the spacing for minimum surface electric field strength. This technique is more 
complicated and requires iteration, since the critical gradient is a function of wire diameter. However, 
it results in a cage that has the minimum total cross sectional conductor area that is able to operate at 
the required voltage. It turns out that the total cross-sectional area and hence the weight (ignoring 
spacing hardware) is less as n increases. Thus, for very high-voltage applications, cages become a 
very useful and practical solution to minimize weight of the transmission system. 

TOROID IN FREE SPACE 
Laplace�s equation can be solved in toroidal coordinates. A toroid in free space would be a useful 

simple geometric configuration to check out computer programs, especially for objects with toroidal 
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geometry. Thomas (1954) and Hicks (1881) give formulas for the capacitance of a toroidal corona 
ring in free space. Hobson (1931) discusses the solutions and the toroidal or ring functions used for 
the solution. 

COMPUTER CALCULATIONS 
For high-voltage design, there are two applications that require computer-calculated field 

strengths. The first involves processing measured breakdown voltage data for configurations that do 
not have analytic solutions for the electric fields. In this case, the objective is to determine the critical 
surface field at breakdown to develop design data. An example of a configuration having no analytic 
solution is a conducting toroid above ground. This configuration is similar in shape to several types 
of insulators used in high-voltage applications. For that reason, we have made extensive 
measurements of this configuration to develop empirical curves of the breakdown field that can be 
used for design. To develop these curves, it was necessary to accurately determine the surface field 
strength on the surface of the measured objects (toroids). It is desirable to have very high accuracy 
when using the computer results to process measured voltage breakdown data to develop design 
curves. 

The second application is that of using the empirically developed critical field curves to design 
high-voltage hardware. In this case, a safety factor is usually adopted in the design to reduce the 
effects of the various uncertainties, including errors in the calculation of the fields on the object and 
uncertainty in the critical breakdown field strength. The safety factor increases the confidence that 
the design will operate at the required voltage. For this case, the required accuracy for the field 
strength calculations can be relaxed depending on the safety factor adopted for the design. 

Among people versed in using computer programs to generate engineering data, there is always the 
question of the validity of computer-generated results. The first application described above requires 
unusual accuracy because the computer-generated results are used to process measured data to 
determine critical breakdown field strength. The goal for the voltage measurement accuracy was to 
be within 1%. While we probably did not achieve that, we believe that the actual error is less than 
5%. We desired that conversion from voltage to electric field would not reduce this accuracy. 
Consequently, the goal for field calculation accuracy was to be within 1%. To achieve and verify this 
level of accuracy, we had to develop our own techniques for application of the available computer 
programs. We did this by testing the computer programs against exact solutions for simple 
geometrical configurations having analytic solutions. 

There are two types of electrostatic computer programs available. The first type uses elements on 
the surface of a conducting object and solves for the surface charge distribution using the method of 
moments. These are called Boundary Element Methods (BEM). We have experience with some 
commercial computer programs that use the BEM, including �Electro� by IES for two-dimensional 
and rotationally symmetric electrostatic problems, and �Coulomb,� also by IES, for three-
dimensional electrostatic problems. 

The second type of program uses the finite element method (FEM), which solves for the field in 
space. The commercially available FEM electrostatic program for which we have experience is 
�Maxwell� by ANSOFT. There are advantages and disadvantages to use of either the BEM or the 
FEM. The FEM solves for fields in the space around an object. The space must be finite to limit the 
computational resources required for solution. As a consequence, a finite size �box� must be placed 
around the object in question and a �free space� boundary condition imposed on the surface. This 
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requires some �art� to be sure that the box is big enough to give accurate results. However, the larger 
the box, the more computation time and memory required to calculate field strengths. 

The BEM solves for the charges on the surfaces, and therefore the problem formulated is finite. 
However, the BEM does not have a proof of uniqueness for the solution of the surface charge, and 
the solution is not guaranteed to converge as the number of elements is increased. Thus, there is art 
involved in the application of the BEM programs that involves the location and number of the 
boundary elements. 

The boundary element methods require the assignment of boundary elements or segments. The 
programs typically allow the specification of an �accuracy� parameter. Usually the programs have 
several different methods available for �looking at� or �measuring� the resulting field strengths. 
Typically, we obtain a series of computer solutions for a simple geometric configuration that is 
similar to the case we want to solve and that has an analytic solution. To obtain these solutions, we 
develop a segmentation method, a solution technique, which may involve an error specification, and 
a method of �measuring� the field strength at the desired location. We work with all of the variations 
until we find a method that yields solutions with the desired accuracy. Typically, in this process we 
discover that a certain minimum number of segments per inch, or per degree, along with a certain 
accuracy specification yields acceptable results when combined with an appropriate �measurement� 
technique. 

The computer program is used to calculate the field strength on the surface.  The maximum field 
on the surface at breakdown is the single parameter that is most strongly correlated with breakdown 
and which can be used to estimate breakdown. The calculated field strength on or near the surface 
can have discontinuities depending on the functions used to describe charge density. For example, if 
a uniform charge is assumed on each element, there will be a discontinuity in the charge level at the 
edge of the element and a corresponding discontinuity in the field on the surface of the object. 
Generally, we find that for two-dimensional cases the boundary element technique requires less art to 
give accurate results. The two-dimensional and rotationally symmetric programs that we have found 
useful use charge distribution functions that are smoothly continuous across element boundaries. For 
these programs, the preferred method of measurement is to plot the surface field strength (either 
normal or maximum) along the surface. Typically, we are looking for the maximum field strength, 
and as long as the field plot appears normal, the value can be taken directly off the curve. 

For the three-dimensional programs examined, neither the FEM program nor the BEM programs 
provide solutions that are smoothly continuous at the element boundaries. As a result, a plot of 
surface electric field strength calculated by these programs exhibits perturbations about some average 
level. The magnitude of the perturbations is less for smaller elements. We have been able to find 
segmentation techniques for the BEM programs that reduce this variation to less than 1%. However, 
for the FEM programs we could not reduce the elements enough to achieve that performance and still 
fit the problem in the available computer memory and have reasonable computer run times. This is 
because the FEM solution is for all space, and considerably more elements are needed for solution 
than for the BEM programs. Thus, more effort is required to find a �measurement� technique that 
gives acceptable accuracy for the FEM programs. With considerable effort, we have found some 
methods that can be used to give acceptable accuracy.  

For all these computer programs, we have found that verification of the results using simple 
geometric configurations having analytic solutions is essential. As will be shown by an example, the 
computer results can look reasonable even when they are incorrect, and therefore they cannot be used 
without verification. The simple geometric configurations used for verification are selected to have 
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parameters similar to cases of interest. This type of verification is useful to develop techniques for 
determining the required fields and at the same time giving indications of the expected accuracy. The 
assumption underlying this technique is that the simple geometrical and actual problems are similar 
and the accuracy of their computer solutions will also be similar. These verifications can take 
considerable time, effort, and resources. It is tempting to skip verifications and blindly accept the 
results of the computer program, especially if the commercial program is expensive and supposedly 
sound. However, our experience has led us to conclude that verification is required in every case to 
ensure accurate results. 

Two Dimensional 
For the two-dimensional and rotationally symmetric situations, the BEM programs typically give 

very good answers. A typical example of a test is an infinite cylinder parallel to and above an infinite 
ground plane. A test example is shown below, illustrating the method used to ensure accurate results. 
In this example, typical segmentation and measurement techniques are used. Also, we examine 
ground plane size and show that the best way to simulate an infinite ground plane is to use an image 
of the object instead of the ground plane. When an image is used, the number of segments required 
and/or the solution volume are usually much less than they would be if the ground plane were 
included. 

Cylinder above Ground 

Segmentation 
As a typical example, we have examined the case of an 8-inch diameter cylinder placed above 

ground at heights of 6, 12, 24, and 48 inches. A BEM computer program was used for this example 
and the ground plane eliminated by use of an image. The calculated results for the maximum electric 
field strength on the bottom of the cylinder were compared with the exact solution. The test consists 
of changing the number of segments on the pipe to determine how many segments are required to 
give the desired accuracy. The measurement technique consists of plotting the normal E field on the 
surface of the cylinder and recording the maximum field strength (See Figure 4-11). In this example, 
field strength was determined for several cases with increasing numbers of segments and compared 
to the field strengths given by an exact solution. The results are shown in Figure 4-12. Note that the 
accuracy is better when the pipe is farther away from ground, but 16 segments gave answers with 
errors less than 1/4% for all cases considered. We typically use 16 segments for this type of problem. 

For this example, note that the error is less than 1/8% when 32 segments are used, except for the 
case of the cylinder located 12 inches above the ground, where the error increased when the number 
of segments exceeded 24. BEM solutions are known to demonstrate this type of behavior, in that as 
the number of segments is increased the answer converges for a while but eventually starts to diverge 
again. This behavior can have several causes but is usually attributed to round-off error or numerical 
instability of the matrix solution. In this particular case, something caused the apparent field on the 
surface of the cylinder to have a discontinuity, as shown in Figure 4-13. This example is shown to 
provide a caution against blindly accepting the computer output. In particular, it is not wise to use the 
field strength �measured� at a single point. It is much better to examine the fields over some area, by 
plotting them if possible to help spot anomalies. Another helpful method is to run several cases, 
changing one parameter, and checking the trend to be sure it appears correct. In the case presented, 
both the field plot (Figure 4-13) and the trend plot (Figure 4-12) are anomalous when the cylinder is 
12 inches above the ground and there are more than 26 segments. 
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Figure 4-11.  Surface electric field on cylinder, 8-inch diameter tube, 12-inch height 
to bottom, 16 elements, 2-D BEM program. 
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Figure 4-12.  Error in Calculated Maximum Surface electric field on cylinder, 2-D BEM Calibration, 8-
inch cylinder above ground. 
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Figure 4-13.  Surface electric field on cylinder above ground, 2-D BEM, 8-inch diameter 
tube, 48-inch height to bottom of tube, 30 elements on tube. 
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Ground Plane Size 
Using the same 8-inch cylinder above ground, we ran an example to illustrate the effect of a finite 

ground plane. In this example, a pipe was placed 48 inches above the ground and the solution 
accuracy tracked versus the total width of the ground plane. We first ran a convergence sequence to 
determine the segmentation density required on the ground plane for convergence. We found that to 
be six elements per inch for this case. If the cylinder were closer to the ground, more elements would 
be required. Then, using that segment density, we determined the percentage error between the 
calculated maximum field strength on the cylinder as a function of ground plane width and the exact 
solution for an infinite ground plane. The results are plotted in Figure 4-14, which shows that the to 
obtain an error of less than ½% requires a ground screen width on the order of 10 times the height of 
the pipe. A ground screen of this size usually takes a lot more segments than the image object, and 
for that reason we prefer to use the image instead of a ground plane. 
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Figure 4-14.  Error versus ground size for 2-D BEM program, 8-inch diameter cylinder, 
bottom 48 inches above ground. 

Rotationally Symmetric Objects 
The toroid is a rotationally symmetric object that is commonly used for high-voltage hardware and 

in this context they are commonly called corona rings or grading rings.  They are often used on feed-
through bushings, base insulator assemblies (BIA), guy insulators, and tower lighting isolation 
transformers (TLIT) and other high voltage hardware. These types of insulators always have some 
dielectric material associated with them, typically porcelain, which must be included in the model to 
accurately determine the fields. 

The approach to finding an acceptable method of segmentation, solution accuracy, and 
measurement technique is similar to that described above for wires, namely using simple geometric 
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configurations similar to the object in question. For example, for feed-through bushing calculations, 
we use simple coaxial geometry as the test case. 

For horizontal toroids (corona rings), we used the two-dimensional computer program in the 
rotationally symmetric mode. The segmentation and measurement technique that we applied was the 
same as we developed for cylinders in the two-dimensional mode of the program. As a further check, 
we tested with a rotationally symmetrical toroid having a very large minor diameter and placed above 
ground. For this case, when the minor diameter is large enough, the solution approaches that for a 
straight cylinder above ground. 

The case of an on-axis rotational object, such as a sphere gap, or finite-sized parallel plate, can be 
treated using rotational symmetry. There is one pitfall here in that the computer programs require that 
the surface of the object be exactly perpendicular to the axis of symmetry; otherwise there will be a 
discontinuity at that point. If this is not the case, there will be a slope discontinuity in the surface at 
the axis of symmetry. This will result in either highly enhanced or decreased field strength at the 
point defined by the axis of symmetry, depending on whether the surface at that location forms a 
point or a depression. 

Three-dimensional Computer Calculations 
The geometry of real-world situations often requires modeling in three dimensions. We have used 

two different commercially available three-dimensional computer programs, one using the BEM and 
another using the FEM. Neither of these programs uses functions that are smoothly continuous across 
the element boundaries. A discontinuity at the boundary results in the field near the surface having 
significant perturbations about some average value. To diminish these perturbations requires 
additional processing. We have found that plotting the fields along a line on or very near the surface 
and averaging provides acceptable results. For programs that allow the user access to the location of 
the elements, the field strength measured at the center of a surface element often gives accurate 
answers. Unfortunately, the commercially available FEM programs that we have used do not provide 
access to the element locations.  

A brief description of the application of these programs to some configurations we used to make 
measurements at the Forestport HVTF is given below. The first step is to apply the programs to 
analytic solutions for similar simple geometric configurations and develop techniques that give 
acceptably accurate answers for the problems. There are many details involving the setup and 
running of the computer programs that are not discussed. However, we describe procedures that 
enabled us to obtain acceptable solutions for simple geometric configurations similar to the real 
problem. We suggest that a similar approach be used for validation whenever computed fields are 
used for engineering purposes. 

Finite Length Wire above Ground 

Several configurations were used at the Forestport HVTF for measuring corona onset on horizontal 
wires or cylinders. The geometry varied from vertical wires in a large coaxial cylinder, to outside 
measurements on horizontal wires 10 feet above ground. We also made measurements on slanted 
wires above ground. Many measurements were taken inside, using horizontal wire samples 10 to 15 
feet long, supported on each end by insulators. In all cases, the test object was connected to the high-
voltage source on one end via a 6-inch pipe coming in at an angle. In addition, corona rings shielded 
the ends of the test object. For the inside measurements, a pair of corona rings stacked on top of the 
insulators shielded each end of the pipe or wire. There are pictures of these setups in chapter 3. A 
typical computer-generated line drawing of the indoor horizontal wire configuration is given in 
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Figure 4-15. The actual configuration is pictured in Figure 6-3 showing the corona rings, which are 
supported by insulators.  The feed pipe is shown on the right of the figure. For this case, the larger 
cable samples had a natural bend and had to be set up with a slight curve, as shown in the figure. The 
smaller cable and the pipe samples went straight across between the corona rings. The critical 
dimension for this setup was the height at the wire center, between the supports, where the wire was 
closest to the ground. 

 

 

Figure 4-15.  Line drawing of indoor test setup with a horizontal wire above ground. 

We obtained a large amount of corona onset data using setups similar to that shown in the figure. 
Physical measurements were taken for each individual test setup and used to calculate the actual field 
strengths for processing the data. Accurate three-dimensional calculations were required to be sure 
that the shielding effect of the feed pipe, end rings, and other objects were taken into account. We 
developed what we call the �geometric correction factor� for these measurements. The geometric 
correction factor is the ratio of the actual field (as calculated by the three-dimensional program) to 
the field calculated using the exact formula for the simple geometric configuration of an infinite wire 
with the same diameter and height above ground. One reason for using the geometric correction 
factor is that the dimensions of each individual test setup could not be predicted exactly ahead of 
time, and thus we could not use the computer program to provide the exact fields prior to the 
measurements. Since the exact fields were not available, we used the simple analytic formula to 
provide a partial check on the data at the time of measurement. After the measurements, we ran the 
three-dimensional program and corrected the data. It is interesting to note that most of these 
geometric correction factors indicate the field on the finite length wires is somewhat less than the 
field for the infinite geometry. We attribute this to the shielding effect of the feed and corona 
hardware on the end of the wires. 

Figure 4-16 shows a line drawing of the outdoor sloping wire test setup. For this case, we used an 
initial field estimate given by the field at the center of the span using the analytic formula for an 
infinite wire at the same height. The geometric correction factor was the ratio of the maximum field 
along the wire calculated using the three-dimensional BEM program to the field for the simple 
analytic formula.  

Horizontal Cylinder 

The three-dimensional BEM electrostatic program was used to obtain the field strengths for the 
various cylinders or wires above ground. The corresponding simple geometric configuration used for 
verification involved a 30-foot length of pipe above ground. As previously mentioned, the desired 
accuracy was at least 1%. Considerable effort is involved to develop a satisfactory calculation 
technique to yield this accuracy for the three-dimensional programs. 
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Figure 4-16a.  Side view of sloped wire. 

 
 

Figure 4-16b.  Top view of sloped wire. 
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Corona onset measurements were made using several different diameter test objects, located at 
various heights above the ground. The test configurations with wires or pipes close to the ground 
were located indoors. These samples were approximately 30 inches above ground. We focused our 
validation tests on this case because the computer programs generally require more elements when 
the energized object is close to ground. 

The technique developed for accurately calculating the fields consisted of the following steps. 
First, the circle defining the horizontal cylinder was created. It consisted of four segments around. 
This was rotated in such a way to ensure that there was not a segment boundary on the bottom of the 
cylinder. This is because the maximum field in this case occurs on the bottom of the cylinder and, if 
there is a segment boundary at that point, the calculated fields might be significantly perturbed. 

This circle was then linearly swept to form the long portion of the cylinder. This particular 
program has a limitation of 49 horizontal elements for an object. It turned out that for a 15-foot 
cylinder this resulted in an element density that was too small. After considerable experimentation, it 
was determined that any given linear object needed to be shorter than 6 feet in order to obtain an 
element density providing the required accuracy. For the simple geometric configuration, a cylinder 
consisting of five contiguous sections was selected. The two end sections were 7.5 feet long and the 
three sections in the center were 5 feet long. All of them had 49 segments along the axis of the 
cylinder. The center section segments were 1.22 inches long. 

The four segments around the cylinder were further divided into four segments to give 16 
segments around the cylinder. Note this is the same segmentation requirement that was determined 
for the two-dimensional program. Figure 4-17 illustrates the segmentation scheme around the center 
of the cylinder. 

Because of the field variation across element boundaries, the fields on the surface have 
considerable variation, and we had to develop a technique to accurately determine the surface electric 
field at the center of the cylinder. The technique we eventually settled on was to form a fictitious 
cylinder, 0.00005 inches outside of the conducting cylinder. A line was drawn along the fictitious 
cylinder just below the conducting cylinder, and the vertical electric field on this line was plotted. 
The fictitious cylinder and line were 50 inches long, centered on the 5-foot-long center section of the 
total cylinder. A plot of this field is shown in Figure 4-18. The plot shows that the vertical electric 
field oscillates along this line. For this example, the variation is about ±1%. Coarser segmentation 
results in considerably more variation. Averaging reduced this variation. The figure includes a plot of 
the 10-inch moving window average, which reduces the variation. We determined that a very good 
answer could be derived by taking the rms value within a 10-inch window located at the center of the 
cylinder. Using this technique, the error in the calculated value was less than 0.6% for cylinders with 
diameters ranging from 0.262 to 8 inches and less than 1.2% for cylinders up to 20 inches in diameter 
(see Figure 4-19). 

The BEM computer program, using the parameters and techniques determined by the use of the 
simple geometric configuration as described above, was applied to determine the fields for the actual 
measurement case. Based on the results with the simple geometric configuration problem, we believe 
the calculated fields to be accurate to within about 1%. 
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Figure 4-17.  30-foot pipe, 6-inch diameter, with elements for BEM. 
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Figure 4-18.  E-field at center of 30-foot wire, BEM program, 31-inch height, diameter 1 
inch, 500 samples. 
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Figure 4-19.  30-ft cylinder calibration data, 3-D BEM program, 31 inches 
above ground. 

Vertical Toroids 

This problem is illustrated in Figure 4-20. We made a series of flashover/flare measurements on 
vertical toroids at different heights above the ground. These toroids were suspended by a vertical 
cylinder. This configuration requires a three-dimensional program to calculate the fields on the 
toroid. The critical location for the field is on the bottom of the toroid closest to the ground. A 
somewhat similar configuration consists of a horizontal cylinder above the ground having the same 
diameter as the minor diameter of the toroid located at the same height above ground. For an isolated 
toroid, without any supporting members, the field on the bottom of the toroid will be greater than the 
field on the bottom of the horizontal cylinder. We started by applying the BEM program to this 
problem, using an 8-inch minor diameter toroid located 6 inches above ground, without vertical 
support. For this case, the BEM program gave values of electric field on the bottom of the toroid less 
than that for a horizontal cylinder having the same diameter as the toroid minor diameter and at the 
same height. This is incorrect and therefore the BEM program results were suspect. The field on the 
toroid must be greater than the field on the cylinder because the charge concentrates on the low part 
of the toroid. The values obtained from the program for a horizontal cylinder were very accurate, but 
obviously the values for the vertical toroid were incorrect. Considerable effort was put into refining 
our approach using this program without success. We never determined the source of the errors, and 
as a result turned to a commercially available FEM program to solve for fields on the vertical toroids. 

Finite Element Method 
As a result of the failure of the BEM program for our vertical toroidal configuration test case, we 

tested a commercially available FEM program and found that it gave results with approximately the 
correct field strength magnitudes for that problem. We then proceeded to test this program on similar 
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simple geometrical configurations having analytic solutions to develop a method giving the required 
accuracy. 

 

Figure 4-20.  Vertical toroid. 

Horizontal Cylinder 

The applications of the FEM and BEM programs to horizontal cylinders differed. FEM calculates 
the fields in a specified volume and applies �free space� boundary conditions on the boundaries of 
the volume. The first step is to specify the dimensions of this volume. A rule of thumb is to use a 
volume with sides that extend five times the width of the object being modeled in any given 
direction. This resulted in a large number of unknowns for the 30-foot-long, 3-inch-diameter pipe, 
and the available computers were not capable of developing the solution. To get around this 
difficulty, we reduced the size of the simple geometric configuration problem to fit the available 
computer memory. The result was 6-foot-long, 3-inch-diameter cylinder with the center located 7.5 
inches above ground. The geometry for the horizontal cylinder configuration illustrating the solution 
space boundary is shown in Figure 4-21. The FEM program models the ground screen by the use of 
anti-symmetry with respect to the ground plane. This is the same as image theory. 

The FEM program allows the definition of a dummy box within which an accuracy parameter can 
be specified. The program enhances the mesh in this box to get more accurate answers within the 
dummy box. The program also allows the specification of a maximum number of enhancement 
passes for reduction of error within the box. We used a 24-inch-long dummy box on the bottom of 
the cylinder near the center (Figure 4-22). A similar box was specified for the toroid calculations, as 
shown in Figure 4-20. 
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Figure 4-21.  Three-inch wire with dummy box and background space. 

 

Figure 4-22 .  Six-foot length of 3-inch diameter pipe with dummy box. 

The tests modeling the cylinder above a ground plane revealed that using a smoothly varying 
curved surface boundary for the cylinder resulted in a prohibitive number of elements to achieve the 
desired accuracy within the dummy box. As a result, we switched to using a polygon approximation 
to a circle for generating the cylinder. Using this approach, we were able to get an acceptable result 
by using a 72-sided polygon, when we specified the accuracy parameter at 0.1% and limited the 
number of enhancement passes to 30.  

The FEM program assigns the location and sizes of the elements and enhances the size of the 
elements to reduce the error parameter. Unfortunately it does not allow the user to determine the 
location of the elements. Thus, we could not look at the field at the center of elements, and we 
naturally applied a similar approach to what we had developed for the BEM programs by sampling 
the field along a line on the bottom of the cylinder. 

An example of the magnitude of the electric field plotted along a 24-inch line on the bottom of the 
cylinder surface is given in Figure 4-23. The field is continuous at these locations but the slope is not 
continuous. Note that the sharp points where the slope is discontinuous correspond to the edges of the 
finite element domains. There are many ways to use the data to get an average value to estimate the 
field at the surface. One way would be to use the field at the center of the each element (in the 
direction of the line). Unfortunately, that may not be the center of the element in the perpendicular 
direction. Partly for that reason, we elected to use two points from each element, each halfway 
between the sharp discontinuity and the peak. For this example, we have selected six data points 
from the three elements closest to the center of the cylinder, and they are marked in figure 4-23. 
Note, that if the next element to the left were included, the average level would be raised somewhat. 
However, for this case, a smooth cylinder having a uniform surface, the field should be uniform and 
the field strength on this one element appears to be anomalously high. This is a good example how 
the plot can be used to spot anomalous behavior and why using any single data point is not 
acceptable. We have found that in every case it is useful to plot the field strength and check for 
anomalous behavior. 
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A summary of the data taken at the points marked in Figure 4-23 is given in Table 4-4 below. Note 
that the accuracy of this result is well within the desired 1%. 
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Figure 4-23.  Sample field along horizontal 3-inch pipe, bottom at 6 inches, 
FEM program. 

 

Table 4-4.  Sample field points for 3-inch pipe 
example. 

Data Sample Points Data Line on Surface 

1 14.082 

2 13.931 

3 13.965 

4 14.174 

5 14.158 

6 14.073 

Average (V/m) 14.063 

Exact Value (V/m) 14.022 
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Sphere above Ground 

As a further check, we decided to exercise the program using an 8-inch sphere located 6 inches 
above ground. The geometry is shown in Figure 4-24: a sphere approximated by a multi-sided 
polyhedron with the dummy box located beneath the sphere. The solution space is not shown in this 
figure. The magnitude of the electric field has been calculated along a curved line on the surface of 
the sphere passing under the bottom of the sphere. The plot of this field is shown in Figure 4-25. 
Again, data were taken at six locations closest to the exact bottom of the sphere in the manner 
previously specified. These points are marked on the figure.  

 

Figure 4-24.  Eight-inch diameter sphere and dummy box. 
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Figure 4-25.  Magnitude of electric field for 8-inch sphere, 6-inch height above ground. 
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For the case of the toroid, the curve for plotting the field strength had to be located slightly below the 
cylinder to avoid getting several points having zero fields, which corresponded to those points being 
inside the cylinder. Use of a curve separated from the surface by a distance of 0.05 inches below the 
toroid avoided this problem. However, the fields fall off with distance and the value at 0.05 inches is 
somewhat less than the value at the surface. A correction factor was used to translate the value taken at 
0.05 inches to an estimated value on the surface. The correction factor is based on an approximate 
formula for the field at a distance away from a charged surface given by (Olsen et al, 1997). 

  ( )( ) δδδ
E

RR
RRE s =
++ 21

21  

  where  R1 and R2 are the Gaussian radii of curvature that define the surface at that point, 
     Es is the surface electric field at that point, 
     δ is the distance from the surface to the field point, and 
     Eδ is the electric field at this point. 

This formula is general and applies to any surface where both radii of curvature are positive. The 
formula is exact at the surface, with increased possibility of error as the distance from the surface 
increases. If the charge is uniform, such as for a sphere in free space, it gives exact results 
everywhere. For the sphere, both radii of curvature are equal. 

Inverting the above formula and substituting the known values for Eδ, δ, R1 and R2, Es can be 
calculated: 

  
( )( )

21

21

RR
RREE s

δδδ ++
=  

For the case of the sphere, the offset was not necessary, but we used it to test use of the offset since 
the offset was required for the vertical toroid. Figure 4-25 shows a plot of the magnitude of the field 
along the surface of the sphere and along a curve parallel to the sphere surface but offset by 0.05 
inches. Six data points have been taken from that curve using the method previously described. The 
data from both the curves is included in Table 4-5 below. Note that the variation of the field around 
the average is about 3.0% for this example. 

Table 4-5.  Magnitude of electric field for 8-inch sphere, 6-inches above 
ground. 

Data Points 
Data Arc on 

Surface 
Data Arc Offset 

0.05 inches 
Data Arc Offset 

Corrected 

1 14.366 14.089 14.443 

2 14.343 14.059 14.413 

3 14.355 14.083 14.437 

4 14.341 14.060 14.414 

5 14.382 14.119 14.474 

6 14.358 14.078 14.432 

Average (V/m) 14.356 14.081 14.435 

Exact Solution 14.533 14.177 14.533 
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The six data points are averaged to give the computer-generated estimate of the surface electric 
field. The table contains a comparison between this average and the exact solution for the sphere 
above ground and shows that the desired accuracy has been achieved by using this technique. 

The computer-calculated data for the 8-inch and 2-inch vertical toroid have been plotted in Figures 
4-26 and 4-27. In these figures, both the BEM and FEM data are included as well as the exact 
calculations for a cylinder having the same diameter as the minor diameter of the toroid. Note that 
the curve for the FEM data and the cylinder are parallel but the BEM curve has a different variation 
with height. In fact, at the shortest height, the BEM value is less than that for the cylinder. This is 
clearly incorrect and was a clue that the BEM data for other heights may not be correct. As an 
alternative, we applied a commercially available FEM program to this problem. As a further check, 
we used a completely different FEM program known as EIGER 3-D, which is under development 
(Johnson, 2003), to calculate the fields on a 2-inch cylinder and a 2-inch toroid, both 6 inches above 
ground. A comparison of that data with our calculations is given in Table 4-6 below. For this 
comparison the 2-inch toroid did not have the vertical support, and therefore the field strength is 
somewhat greater than when the vertical support is included (see Figure 27). The results of the 
EIGER 3-D agree closely with the results of the 3-D BEM program, which increased our confidence 
in the results. 
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Figure 4-26.  Emax versus height for 8-inch vertical toroid with support  
and 8-inch horizontal cylinder, 3-D FEM. 

 4-47



Chapter 4 Calculating Electric Fields  VLF/LF High-Voltage Design and Testing 

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80

HEIGHT (INCHES)

E
m

ax
 (V

/m
) 

FEM 
BEM 
CYLINDER 
EIGER-RING ONLY 
FEM-RING ONLY 

 

Figure 4-27.  Emax versus height for 2-inch vertical cylinder plus support and 2-inch 
horizontal cylinder, 3-D FEM. 

 

Table 4-6. Comparison of data from different programs cylinder and toroid 6 inches above ground 
Emax V/m, 1 volt applied. 

 Exact 3-D BEM 3-D FEM EIGER 3-D 

2” Cylinder 17.26 – 17.39 17.10 

2” toroid w/o support – – 20.72 20.56 

2” toroid + support – 17.55 19.65 – 
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Appendix 4A  Sine Product Identity 
 

The sine product identity to be proven is given below, 
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Euler�s identity for Sin(x) is given by 

  { } ( )Sin x e e iix ix( ) /= − − 2  

  where i = −1 . 

Substituting Euler�s identity into the left-hand side of Equation A-1 and letting k N xπ / =  gives 
the following. 
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and finally, 
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The set of exponentials, , for k = 1 to N-1, are the Nth roots of 1 (except for 1 itself). These 
roots are sometimes called the cyclotomic numbers. The other Nth root of 1, is 1 itself. This can be 
demonstrated as follows. 

e ik2 π

     for k = integer. π21 ike=

Taking the Nth
 
root gives    1 . 1 2/ ( )N ike= π /N

These roots are represented on the complex plane by points on the unit circle, at angles of 2kπ/N. 
There are a total of N unique roots (angles), because as k increases, the angle rotates around to a 
unique angle. When k = N, the angle is 2π, and the value of the root is 1. For k > N, the roots (angles) 
repeat. 

These roots are solutions of the equation Z N − =1 0 . Using these roots to construct the equivalent 
polynomial gives the following. 
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Rearranging terms gives the following. 
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Note that the polynomial (  can be factored as follows. Z N −1

   Z Z Z Z ZN N N− = − + + ⋅ ⋅ ⋅ + +− −1 1 1 2( )(
Substituting this into the previous equation gives the following. 
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Substitution of this result into Equation A-2 completes the proof. 
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Appendix 4B  Infinite Wire Grid 

The geometry consists of an infinite set of parallel wires, which are also parallel to the ground. 
They all have the same radius, a, and height, h, above ground. They are spaced apart a distance S. 
The geometry is illustrated in Figure B-1. In the figure, Dk denotes the slant range between the image 
of one wire and other wires, where the subscript refers to the number of spaces of length S between 
the wires. Dk is given by the following equation. 

  22 )()2( kShDk +=  

 

Figure 4B-1. Geometry for an infinite wire grid above ground. 

The wires all have the same voltage V and by symmetry the same charge q. The potential at one 
wire is the sum of the potential from the charge on that wire plus the potentials due to the charge on 

  

all the other wires. This potential is given by the following equations. 
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and finally 
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The summation term can be rewritten as a product. 
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The infinite product in the above equation has a closed form. The derivation starts with the 
following series (Jolley, 1961) 
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Substituting for θ  in equation B-1, gives the following closed form. 
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Using this closed form gives the equation for the capacitance per unit length of one wire. 
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From this equation, it can be seen that each wire has the same capacitance that it would have if it 
were a single isolated wire at the height ha. 
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Appendix 4C  Geometric Theory Derivation 
 

The derivation for the complete geometric theory is the same as for the simple geometric theory, 
except that the fields from the other wires are calculated on the surface of the wire instead of at the 
center of the wire. This leads to a more complicated geometric factor. 

The assumptions used in this derivation are summarized below: 

The charge on each wire is the same and acts as a filament located at the center. 

The fields from the images of the wires in the ground plane are negligible. 

The fields in the vicinity of the wire, where the field is being calculated, are approximately 
uniform, and therefore the effect of the wire can be accounted for by doubling the fields 
calculated as if the wire were not there. 

The geometry for the general wire cage is shown in Figure C-1. For convenience, only the first and 
jth wire are shown. The various angles involved are defined in the figure. 

 

Figure 4C-1.  General cage geometry and angle definitions. (needs new orig) 

The field normal to wire 1 at the point opposite the cage center is given by  
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where ρj is the distance from the center of the jth wire to the field calculation point, and αj is the 
angle between ρj and the radial from the cage center at the field calculation point. 

The 1/a term represents the field on wire 1 from the charge on wire 1, and the summation term 
represents the field on wire 1 from each of the other wires. The factor of 2 in front of the summation 
accounts for the effect of wire 1 on the fields from all the other wires. 

For this example, the fields are calculated on wire 1 but by symmetry, all wires have the same 
field. 

Simple Geometric Theory (SGT) 
For this theory, the fields are calculated at the center of the wire, i.e.,  
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(See Figure C-1) 
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Solving for each factor gives the following equations. 
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The final form of the equation is given below. 
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Substitution of the total cage capacitance Cn gives the result. 
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or finally 
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This is called the Simple Geometric Theory (SGT) formula. 
 

Complete Geometric Theory (CGT) 
For the complete geometric theory, the fields are calculated at the surface of wire 1, i.e., 
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The summation becomes the following. 
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By using the definitions of Figure C-1 and the law of cosines, we can solve for Sj
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For n = 2, θ πj / 2 =  and the equation for maximum surface field becomes 
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For n = 3, θ πj / 2 3= / 3 and 2π / , and the equation for maximum surface field becomes 
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For n = 4, θ πj / /2 4= ,  π / 2 and 3 4π /  , and the equation for maximum surface field becomes 
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The terms of the summation can be rewritten in the following form. 
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Modified Simple Geometric Theory 
The terms of the summation above are all of the form 
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where CF( )θ  is a correction term. If this term is neglected, then the series has a simple closed form 
and gives the following equation for the maximum surface field. 
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This equation is similar to the simple geometric theory result and will be called the Modified 
Simple Geometric Theory (MSGT). 
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CHAPTER 5  TEST FACILITY AND MEASUREMENT METHODS 

BACKGROUND 
This chapter marks a transition from theoretical considerations to measurements. The objective of 

this chapter is to describe the test facility and the measurement methods used to develop the data 
presented in the chapters following. The requirements for a high-voltage test facility are outlined, 
followed by a description of the Forestport High-Voltage Test Facility (HVTF). Although this 
facility has been closed and moved to Dixon, CA, the description is included for the following 
reasons. First, it provides necessary background material for the test setup descriptions in following 
chapters. Second, it gives an overview of the design of a successful high-voltage test facility, which 
could serve as a guide for the construction of other similar test facilities, and as such, it includes 
some discussion of design alternatives. The Dixon facility is very similar to Forestport, using the 
same transmitter and almost exactly the same high-voltage resonant circuit, which is the heart of the 
HVTF, and this circuit is described in detail. Previously unpublished techniques for design of the 
circuit elements are included in appendices 5C and 5D. This chapter also contains descriptions of the 
measurement techniques, including detailed descriptions of the high-voltage phenomena. These are 
also referred to in later chapters containing measured test results. 

TEST FACILITY REQUIREMENTS 

Tests 
The main requirement for a Navy VLF/LF test facility derives from a requirement to test large 

insulators that are used in large antenna systems under normal environmental conditions. The 
insulators must be tested at full voltage under conditions that adequately simulate their operational 
environment. Some insulators are used indoors in the helix house, but most of the insulators are 
located outdoors and experience ambient weather conditions. Inclement weather turns out to provide 
worst-case conditions, and therefore the most important tests are those that determine the 
acceptability of an insulator operating under actual environmental conditions including: dry, rain 
(with or without wind), snow, and ice. 

Most of the procedures used for the VLF/LF high-voltage measurement were developed by 
modifying U.S. power industry standard high-voltage test procedures (ANSI C29.1 1998, IEEE Std 
4-1995, and ANSI C68.1 1968). The Canadian and European standards also provided useful 
references (CEA 1991, CEI/IEC 60-1 1989, and CEI/IEC 60-1 1994). Early in the testing program, it 
was discovered that the �drip dry� wet measurements specified in the 60-Hz standards did not 
adequately characterize insulator performance for VLF/LF applications. Realistic performance 
determination for outdoor VLF/LF insulators required simulated windblown rain. 

To accurately determine the acceptability of a VLF/LF insulator assembly, the HVTF facility must 
be capable of generating enough voltage and power to simulate the actual high-voltage phenomena 
experienced at the high-power transmitting stations. These phenomena include corona, power 
dissipation, heat rise, and flashover or flaring for both wet and dry conditions. The data for high-
voltage design curves presented in later chapters were developed primarily from flashover/flare and 
corona inception data measured on generic forms. 
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Test Frequencies 
The primary VLF/LF frequencies currently used by the Navy are 14 kHz to 60 kHz. Some of the 

LF stations still operate at frequencies up to 150 kHz, but their transmitter power and operating 
voltages are low. Thus, a realistic test frequency range for the VLF/LF HVTF is from 15 to 60 kHz. 
In addition, it is desirable to have some high-voltage test capability at 60 Hz as a research tool to 
compare with VLF/LF measurements to help determine frequency effects.  

Test Voltages 
The typical maximum operating voltage is 250 kV rms for the Navy�s VLF/LF stations. For 

testing, it is desirable to have a source capable of operation at voltages higher than the required test 
voltage. This is required in order to obtain consistent measurements. For that reason, the design goal 
for the Forestport facility was 300 kV rms. However, during construction, there were two reasons for 
concern that this voltage level might not be adequate. The first involved mounting financial and 
political pressure to reduce the number of foreign U.S. bases, which pointed to the possibility that 
larger transmitters would be need to provide coverage and/or smaller antennas would be needed to fit 
into existing U.S. facilities. Both would require operation at higher voltages. This turned out not to 
be the case, in part due to improved receiver performance. The second concern was that a  
300-kV high-Q source might not adequately simulate high-voltage phenomena at 250 kV. Another 
concern was that there would not be enough voltage to determine dry flashover voltages for large 
insulators. However, �it is well known that corona and flashover, especially self-propagating arcs or 
streamers extending to ground or to other wires of the system, depend upon the energy of the system 
as well as the voltage� (LaPort, 1952). So, as we discovered at Forestport, it turns out that the high-
voltage phenomena, particularly flashover, was more dependent on the transmitter power than the 
maximum voltage. In addition, since the worst case (lowest flashover voltage) for these insulators is 
windblown rain, it was not necessary to determine the VLF/LF dry flashover voltage as long as it 
was above the system operating voltage. Thus, for testing 250-kV system components, a test facility 
with capability to achieve 300 kV is adequate if it has a powerful transmitter. 

The high voltage is generated by a high-Q, high-voltage resonant circuit. The nature of these 
circuits results in frequency-dependent voltage limits. The voltage limits typically have a maximum 
at a certain frequency and fall off for higher or lower frequencies. Thus, the first part of the design 
process is to select the frequency where it is desired to develop the greatest voltage. For VLF/LF 
testing, the design frequency for maximum voltage was selected to be 30 kHz based on the following 
rationale. 

The U.S. Navy VLF/LF antennas are all electrically small monopoles. Assuming a constant 
radiated power, there is a strong frequency dependence on voltage for such antennas. The maximum 
voltage occurs at the lowest operating frequency. There is also a weak frequency dependence 
(frequency effect) on the breakdown voltage for insulators, which is discussed in later chapters. For a 
given insulator, this effect leads to slightly lower breakdown voltages at higher frequencies. The 
Navy�s VLF antennas (14 to 30 kHz) are designed for a 250 kV rms maximum operating voltage. 
Thus, testing for full voltage at 30 kHz ensures operation over the Navy�s VLF band. The operating 
voltages at the new LF stations (30 to 160 kHz) approach 250 kV rms but only at the low end of the 
band (30 kHz). The operating voltage falls off rapidly with frequency, so the frequency effect does 
not dominate, and it turns out that 30 kHz is the worst case for LF stations also. Thus, testing at full 
voltage at 30 kHz satisfies both the VLF and LF requirements and was selected as the design 
frequency for maximum voltage at the HVTF. Nevertheless, it is desirable to generate voltages 
approaching that level over the frequency range from 15 to 60 kHz to verify the frequency effect and 
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adequately test insulators used in the new higher power LF stations; this is the design frequency 
range for the VLF/LF test facility. 

Test Objects 
The insulators at VLF/LF stations include base insulator assemblies (BIA), guy insulators (single 

and combination), halyard insulators (including large grading rings), tower lighting isolation 
transformers (TLIT), and feed-through bushings. Other high-voltage hardware that requires testing 
includes wires, cables (including bundles of cables) and protective gaps. In addition, special research 
tests are sometimes required such as those used to develop design curves for generic hardware 
(corona rings) or radiation hazard measurements exposing a phantom (dummy simulating a human) 
to VLF/LF electric fields. 

Some of these objects such as the large BIAs and TLITs are large enough that outdoor testing is 
required. Testing guy and halyard insulators requires suspending them some distance above ground 
to adequately simulate their actual installation, which also requires an outdoor facility. Thus, a high-
voltage test facility requires both indoor and outdoor test areas. 

Test Facility Components 
A VLF/LF high-voltage test facility contains the following components: 

1. RF power source 
2. Control console 
3. Transmission line connection to the high-voltage circuit 
4. Impedance match to the high-voltage circuit 
5. Tunable High-Q resonant high-voltage circuit 
6. Test cell (inside and outside) 
7. Observation area 
8. Water spray system 
9. Instrumentation (calibrated high-voltage measurement equipment) 
10. Workshop, tools, and equipment for constructing test configurations 
11. Equipment for moving large, heavy insulator assemblies 
12. Storage for large insulators 

 

A brief description of each of these components as they existed at Forestport is provided in the 
following section. This section will be referred to in the later chapters about measurements. It also 
provides a guide for constructing a high-voltage test facility. Other references for construction of a 
high-voltage test facility include Smith (1982), which has a good description of the requirements for 
a VLF/LF high-voltage test facility and Hylten-Cavallius (1988), which includes information on 
designing and operating a high-voltage test facility, although primarily directed at power system 
frequencies. 
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FORESTPORT TEST FACILITY 

Introduction 
The facility was located in a rural area on the edge of Adirondacks National Park, near Forestport, 

NY, about 40 miles north of Rome, NY. The site had a 1200-foot tower that could be configured to 
transmit VLF or LF and had a long history as a research site for various systems using that frequency 
range. The site is now closed and demolished. A brief history and background is given in Appendices 
5A and 5B. A similar high-voltage test facility has been constructed at the Navy�s transmitting 
station in Dixon, CA. 

An aerial view of the Forestport site is shown in Figure 5-1. There are two main areas. The area at 
the base of the tower on the left side of the picture shows the helix house, which contains the coil for 
tuning the antenna, with the indoor test cell located adjacent. The transmitter is located in the 
building on the right side of Figure 5-1 and is connected to the high-voltage test area by an 
underground transmission line. A drawing of the overall layout of the site is shown in Figure 5-2. 

 

Figure 5-1.  Aerial view of Forestport test facility.  
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Figure 5-2.  Forestport HVTF overall layout. 

A drawing of the test area layout is given in Figure 5-3 and a picture given in Figure 5-4. The 
blacktop area in front of the test cell was used for outdoor testing of the larger insulators. There was a 
small storage-workshop also located in this area, seen on the right of Figure 5-4. 

A drawing showing the detailed layout of the indoor test cell and the helix house is given in Figure 
5-5. The helix house contains the components of the high-Q tuned circuit that generates the high 
voltages. The layout of the helix house shows the location of the matching transformer, the small 
tuning variometer, the large solenoidal helix, the capacitor stacks, and the voltage divider. The figure 
also shows the test cell and observati ely next to 
the helix house. A schemati  Figure 5-6. For VLF 
transmitting operations, the helix was disconnected from the capacitor stack and instead connected to 
the tower via a feed-through opening in the wall. 

on areas. Note that the tower was located immediat
c diagram of the high-voltage circuit is given in

5-5 



Chapter 5 Test Facility and Measurement Methods  VLF/LF High-Voltage Design and Testing 

Tower

Helix House
Test Cell

Area
Parking

Storage
Shed

90 Foot Pole

Main Road

Anchor
Block

Insulator
Suspension 
Line

 

Figure 5-3.  Layout of high-voltage test area. 

 

 

Figure 5-4.  High-voltage test area. 
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Figure 5-5.  Layout of inside test cell and helix house. 

Observation 
Area

Test Cell Helix Room
Cs Air Capacitor

Taps

Variometer

Matching
Transformer

Helix

Capacitor Stack

10000 : 1
Divider

HV
Meter

TestObject

Capacitor
Decade

 

Figure 5-6.  Schematic of Forestport high-voltage circuit. 
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RF Power Source 
A transmitter is used as the source of RF power. The high voltage is generated in the resonant 

circuit formed by the helix and the capacitor stack described later in this section. The resonant 
fr of the 

 

 icing conditions, the resistance of an insulator can drop well below 1 million ohms. The lower 
the resistance, the more power is required to maintain a given voltage. Insulator breakdown tests, 
especially during wet conditions, involve the sustai ng of flares or arcs that dissipate significant 
amounts of power. All of these effects require increased power from the transmitter. Thus, the 
transmitter power hat needed to 
reach a given voltage with the high-voltage circuit alone. In addition, for low-power sources, it turns 

age is a function of the available power. This is because a low-power 
 current inhibiting flashover. Thus, accurate determination of breakdown voltage 

re was 

er (pictured in Figure 5-7). The 
final amplifier of this transmitter operates class B and has a transformer coupled output. The 
am

 
Hz. 
ing 

fr

itter at nearly full power at frequencies as high as 60 
kH

equency of this circuit varies somewhat depending on the test object since the capacitance 
object is in parallel with the capacitor stack. Heating of the circuit components as well as the 
formation of corona can cause the resonant frequency to drift during the course of a test, requiring 
constant adjustment to maintain resonance. One technique used to maintain resonance involved small 
frequency adjustments during a test. Often the tests required measurements at a few widely different 
frequencies and, as a result, it was necessary to change the tuned circuit and operating frequency 
several times a day. Because of the frequency change requirement, a wide-band high-power 
transmitter is the best source of RF power for a VLF/LF high-voltage test facility. Typically, this is 
an untuned class A, AB, or B power amplifier having a transformer coupled output. 

The required transmitter power depends on the Q of the high-voltage circuit and on the test objects
and test conditions. Experience at Forestport indicates that under heavy spray-wet conditions or 
heavy

ni

required for adequate VLF/LF high-voltage testing is well above t

out that the flashover volt
source can limit the

quires a powerful transmitter. Our experience indicates that the Forestport 100-kW transmitter 
barely adequate to support testing for Navy applications, especially under wet conditions. 

The Forestport transmitter (now at Dixon) is the AN/FRA-31, which was constructed by 
Westinghouse as the commercial prototype for the Omega transmitt

plifier has two sides operating push-pull, each containing two Machlett ML-6697 air-cooled tubes, 
each having a maximum plate dissipation rating of 35 kW. Each side has space available for a third
tube. The low-frequency limit for this transmitter corresponds to the Omega requirement of 9 k
The high-frequency limit for this transmitter was specified to correspond to the RADUX operat

equency of 40 kHz, although it has been operated at frequencies in excess of 60 kHz. The output 
power available is less at the low end of the frequency range. The transmitter specifications state that 
an output power of 14 kW can be achieved from 9 kHz to 14 kHz and full power (100 kW) from 34 
kHz to 40 kHz. We have operated this transm

z. 
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Figure 5-7.  Westinghouse AN/FRA-31 100-kW VLF transmitter. 

Control Console 
The Forestport control console has also been moved to Dixon. At Forestport (and Dixon), the 

transmitter was located in a separate building some distance away from the antenna with a 
transm  in 

 

y 
sy

 In 

ver the transmitter. The 
sa

e 
event that some high-voltage phenomena occurs that might damage the test object or the high-voltage 

ission line connecting the transmitter to the antenna. The control console is located directly
front of the transmitter, so that the operator can monitor transmitter status, record data if necessary, 
and react accordingly if something goes wrong at the transmit end. 

One of the requirements for high-voltage testing, particularly flashover tests, is that the RF voltage
increase (ramp) at a specified rate. The control console has the capability of providing these rates. 
Initially this function was provided by the internal capability of a Hewlett-Packard frequenc

nthesizer, but later a computer-based controller was developed that does this automatically.  

An intercom provides communications from the test and observation area to the control console.
this way, the tests are in effect controlled from the observation area, but there is an operator near to 
the transmitter. 

One essential requirement for a high-voltage test facility is a safety switch. This switch is located 
in the observation space and provides the test director positive control o

fety switch interfaces with the control console and prevents the RF from being activated unless the 
safety switch is off. The safety switch is activated when necessary to protect the observers, the test 
object, or the high-voltage circuit. The test director uses the safety switch as a precaution to 
deactivate the transmitter whenever personnel enter the test area to make observations or 
adjustments. The safety switches also allow the test director to cut off the transmitter quickly in th
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circuit. It is important that the safety switch operates reliably and should always be tested prior 
test sequence. 

to a 

use 

 

-
ed or 
ized 

with dry air to avoid moisture entering the line. 

Impedance Match 
The y. The high-voltage 

 frequency range. Thus, an 
ped m 100-ohm transmission line to the 

lo

cted to the 
0-ohm coaxial cables. One side of the secondary was connected to the 

copper ground of the helix house, and the other side was connected to the tuning inductor. The 
tom made for the AN-FRA-31 and is pictured on the left side of 

Fi

p is selected that 
atches the impedance for the operating frequency. The Forestport transformer had taps 

 resistances between 0.47 ohms and 1.16 ohms to the 100-ohm balanced line. 

 

ignificantly change 
with time, even during inclement weather. Thus, while transmitting, transformer tap changes are not 

Transmission Line 
A transmission line is required for connecting the power source (transmitter) to the high-voltage 

circuit. At Forestport, the transmitter was located in a building about 1/4 mile from the helix ho
and connected by two buried 5/8-inch coax lines in parallel; together these made up a 100-ohm 
balanced transmission line. 

The requirement on the transmission line is that it can carry a specified amount of power. It is 
important to remember that the tuning and matching conditions may not be optimum and, depending
on the load, there may be a high SWR on the line. Almost any type of transmission line can be used. 
For example, the original installation at Forestport made use of an elevated 600-ohm, balanced open
air transmission line. However, now the Navy favors using a large coaxial line that can be buri
placed in a trench. A 4-inch coaxial line will be used at Dixon. Coaxial lines are usually pressur

 resistance of the high-voltage circuit at resonance depends on frequenc
circuit used at the HVTF has a resistance on the order of 1 ohm over the
im ance atching device is required to couple power from the 

wer impedance of the high-voltage circuit. This is typically done using a ferrite core transformer. 
These transformers have many taps to accommodate the wide range of impedance encountered over 
the operating frequency range. The transformer is usually located in the helix house. 

Forestport had (Dixon has) the capability to do both high-voltage testing or transmit using the 
adjacent antenna. At Forestport, a single transformer located in the helix house provided the 
impedance matching for both of these functions. The primary of the transformer was conne
center conductor of the two 5

Forestport transformer was cus
gure 7-7 (Chapter 7). 

The resistance of the antenna or high-voltage circuit increases with operating frequency. VLF 
antenna resistance values are usually much less than 1 ohm, but at LF they are typically about 1 ohm. 
The transformer must match the resistance over the entire frequency range. The usual solution is to 
use a transformer tapped to accommodate the expected range of impedance. The ta
most nearly m
for matching

Forestport was (Dixon is) capable of being quickly reconfigured between transmitting from the 
antenna and high-voltage testing. For high-voltage testing, the top of the inductor is disconnected 
from the antenna and connected to the top of a capacitor stack. The capacitors can withstand higher 
voltages than the Forestport or Dixon antennas. The circuit characteristics for high-voltage testing are
similar to those for transmitting except that the resistance is usually less, and often the transformer 
tap must be changed when switching between transmitting and testing. 

VLF/LF antennas are designed such that the resistance of the antenna does not s
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no
e 

ansformer. The approach 
used to deal with this problem at Forestport was to set the transformer one or two tap settings higher 
than the circuit resistance with no corona or water l  run was then made and if the 
transmitter could not deliver enough power into the
transformer tap adjusted. T

nother method to match the load impedance to the transmission line is a coupling coil used in 
place of the transformer. The coupling coil is placed in shunt between the transmission line and the 
series tuned circuit. The impedance of this circuit at the transmission line is the parallel combination 
of the resonant circuit and the coupling coil. This impedance is effectively the inverse of the series 

uit. This inversion converts the series resonance response to a parallel resonance 
se. For this circuit, the resistance seen by the transmission line at resonance is given by: 

rmally required. One of the differences between high-voltage testing and normal transmitter 
operation is that for high-voltage testing the load resistance can change considerably during a singl
test. For example, once corona forms on the test object, the extra power dissipated by the corona 
increases the effective series circuit resistance considerably. Similarly, the effective resistance 
increases dramatically during flashover, flaring, and when the insulators are wet. 

For maximum test effectiveness, it is desirable to be able to change the impedance matching to 
track resistance changes. However, this is not possible with a fixed-tapped tr

osses. A trial
 circuit, the tests would be discontinued and the 

his process is inconvenient, but effective. 

A

resonant circ
respon

  
a

T R

  where R

cX
R

2

=  

stport, a power meter was used 
to measure the circuit resistance at the secondary of the matching transformer. This enables accurate 
ad

 high-Q resonant circuit consisting of an inductor and capacitor is used to develop the high 
voltage. This inductor is large high-Q air wound solenoidal coil, termed a helix. The capacitor 
consists of a series parallel combination of high-Q capacitors known as the capacitor stack. Both of 
these elements must withstand the full design voltage. The resonant circuit is tuned using a spherical 
variometer or by changing frequency. Each of these elements is described below. 

Variometer 

Two techniques were used at Forestport to maintain the high-voltage circuit resonance. It was easy 
to change the frequency of the transmitter to generate maximum voltage because the transmitter is 
broadband. The test objects were connected across the capacitor stack and the resonant frequency 
changed slightly when a new test object was connected. When testing a new object, the first step is to 
find the resonant frequency. During the test, as the components of the high-voltage circuit heated up 
and/or corona formed, the resonant frequency would drift. One method of compensating for this is to 

T is the resistance seen by the transmission line, 
     Xc is the reactance of the coupling coil at resonance, and 
     Ra is the antenna or high-voltage circuit resistance. 

Making the coupling coil a variable inductor, such as a variometer, allows real-time adjustment of 
the impedance match to the transmission line and hence can accommodate variable circuit resistance. 
This is the preferred approach for impedance matching. However, it is difficult to know how to 
adjust the impedance without some form of instrumentation. At Fore

justment of coupling coil impedance. This power meter was also used for corona power 
measurements (Chapter 7).  

High-Voltage Tuned Circuit 
A
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change the frequency to track the drift. These frequency changes amounted to only a few percent, 
which is not enough to change the phenomena being measured for the test object. 

During a set of measurements designed to determine the power dissipated by wet insulators, it was 
discovered that changing the frequency decreased the accuracy of the power meter. Therefore, for 
tests requiring accurate power dissipation measurements, a small spherical variometer (as pictured in 
Figure 5-8) was connected in the circuit. The variometer could be remotely controlled from the 
observation area. Changing the inductance of the variometer compensates for the changes in the 
high-voltage circuit and keeps the circuit resonant at the initial operating frequency. The variometer 
has a small tuning range, but it is able to maintain resonance for most tests. 

 

Figure 5-8.  Spherical variometer at Forestport. 

 

 

 

5-12 



VLF/LF High-Voltage Design and Testing   Chapter 5 Test Facility and Measurement Methods 

Helix 

Structure 
The inductor for the Forestport high-voltage circuit is a large air-wound solenoidal coil (helix). 

The helix structure was approximately 12 feet in diameter by 18 feet tall. The coil had a total of 72 
turns of 7/8-inch Litz wire wound on a cylindrical fiberglass (G-10) form approximately 12 feet long. 
The G-10 form is mounted on 48-inch-tall porcelain insulators so that the bottom turn was 
approximately 5 feet above ground. The turns were double wound, with 3-inch axial and radial 
pitches. The radius of the outer turns was 72 inches, and the radius of the inner turns was 69 inches. 
The top six turns of Litz wire are single wound with the same turn-to-turn spacing. The topmost turn 
is fabricated from 6-inch diameter aluminum tube, which serves as a corona ring to provide adequate 
electric field grading. The helix is pictured in Figures 5-9 and 5-10. 

The self-inductance of the Forestport helix was measured to be 14,600 µH. The self-resonant 
frequency of the helix was 76 kHz. The helix is tapped to allow configurations with less inductance. 
A tapping tree was used with the turns available in groups of 32, 16, 8, 8, 4, 2, 1, and 1 turns from the 
top. A pictographic representation of the helix configuration is given in Figure 5-11. 

 

 

Figure 5-9.  Top of Forestport helix. 
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Figure 5-10.  Forestport high-voltage tuned circuit. 

Current Limit (Litz Cable) 
The use of Litz cable in the coil enables the construction of a very high-Q inductor. Litz cable

composed of a large number of fine strands of insulated wire. The strands are woven in such a way 
that each strand occupies all possible positions within the cable with nearly equal probability. The 
flux linkages are the same for every strand, and therefore the inductance of each strand is the same, 

 is 

which results in equal current flowing in each strand. The use of Litz wire reduces the losses due to 
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both skin effect and proximity effect so that the resistance of the cable at RF is nearly the same as 
DC resistance. Litz wire is used to make l

its 
ow-loss coils for applications at frequencies up to 500 kHz. 

At VLF/LF, carefully constructed Litz wire coils can be made to have Q on the order of 3500. 

 

Figure 5-11.  Forestport helix configuration. 

r 
by 

ith 1 amp of current 
fo

uld 

it 

h-like coating is used to insulate the 
in  

outside, heating the copper even more, and thermal runaway develops, which can completely destroy 

Current-carrying capability is a critical design parameter for the high-Q circuit. The Litz cable 
used for the Forestport helix was 7/8-inches in diameter and consisted of 5,672 strands of #36 coppe
wire (28,360 circular mills). A rule of thumb for the current carrying-capability of Litz wire used 
early designers of the Navy�s VLF/LF system is that it can be safely operated w

r each 1000 circular mills of copper. According to that rule, the safe current operational limit for 
the Forestport helix would be about 28 amps. Restricting the current to this level at Forestport wo
have severely reduced the maximum voltages that could be reached, and we exceeded this limit. It 
turns out that the rule of thumb is very conservative; a better method for estimating the current lim
is discussed below.  

The fundamental limit for Litz wire is temperature. A varnis
dividual wires. If the insulating coating gets hot enough to melt, the individual wires come in

contact and the cable is no longer Litz wire. When this happens, the current concentrates on the 
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the cable. The rule of 1000 circular mills/amp does not take into account many of the critical factors 
that affect the current-carrying capability of Litz wire. This rule significantly underestimates the 
current rating, especially for smaller diameter cables. 

chnique has been developed to more accurately determine the rating of Litz cable itself, 
w

 
out that 

e rise usually less than 5 to 10° C. 
technique gives higher ratings than the 1000 circular mills/amp, especially for the 
 also explicitly accounts for the effect of the various parameters. 

 

ber of individual Litz strands, and 
 

 

F installations. This type of termination operates at much higher temperatures than the cable. 
If a termination gets hot enough, the heat can propagate to the cable, melt the insulation, and destroy 

hus, for installations with elephant�s feet, the maximum long-term current is limited by 

ease in 
te

ection, and 
ra an 

tions at Forestport were below the breakpoint frequency of 82.6 kHz, the long-term rating for 
th  

Forestport, we often operated for 

A design te
hich includes the effects of frequency, strand diameter, cable diameter, shape of the winding, and 

the temperature rise allowable. This design technique is described in Appendix 5C. The temperature
rise is taken into account by using an allowable dissipation of ¼ watt per square inch. It turns 
this is also conservative, since it leads to a temperatur
Nevertheless, this 
smaller cables, and

The design procedure uses the concept of a breakpoint frequency that depends on the construction
of the Litz wire and the shape of the coil. Below the breakpoint frequency, the long-term current 
heating limit for the Litz wire is given by 

  2/1
0max )(600 dndI ⋅⋅⋅=  

  where Imax is the long-term current limit due to heating in amps rms, 
    d is the diameter of the individual Litz strands in inches, 
    n is the num

   d0 is the diameter of the copper portion of the Litz cable in inches. 

The breakpoint frequency for the Forestport helix and Litz wire construction is 82.6 kHz. For 
frequencies below the breakpoint frequency, the long-term current limit calculated using the above
equation is 211 amps. 

Our experience with Litz wire inductors indicates that the highest temperature occurs at the cable 
ends or terminations. The type of termination, known as �elephant�s foot,� is common at the Navy�s 
VLF/L

the cable. T
temperature rise of the elephant�s feet, which is less than that of the Litz wire by itself. 

There is a better termination used at some Navy VLF/LF sites. These terminations have the 
individual bundles of Litz wire separated and soldered to a copper tab. The tabs are connected onto 
the perimeter of a circular connector. This type of connection operates with little or no incr

mperature over that of the Litz cable by itself. For installations with this type of connector, the Litz 
wire itself usually determines the current limit. However, unusual heating can arise where the Litz 
cable has sharp turns, and each installation must be carefully heat tested after construction to be sure 
that the temperature limit is not exceeded. The excessive heating at the terminations and sharp bends 
may have influenced the original designers of the VLF/LF system to base their design on a very 
conservative rule of thumb. It is important to keep in mind that the temperature rise in a cable or 
connection depends on the power input minus the power removed by conduction, conv

diation. Careful design to minimize thermal power input and maximize thermal power removal c
increase the current carrying capacity of coils and other elements. 

The Forestport coil contains elephant�s feet terminations and splices. Thus, even though all 
opera

e coil will be somewhat less than the 211 amps given above due to heating at the end connections
and splices in the Litz wire. The actual long-term rating for any helix must be determined 
experimentally by determining the actual temperature rise. At 
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extended periods of time (hours) at currents around 100 amps without excessive heating of the Litz 
wire or the connections. Thus, the long-term current rating of the Forestport helix coil is greater than 

ps. This is true of the Dixon helix as well since it uses the Litz 
w

 
without breakdown occurring on or close to the high-voltage circuit components that are vulnerable 

s where breakdown could occur, and each one implies a different 
lim

se it 
 

significantly larger 
diameter than the Litz wire. This greatly increases the withstand voltage of the top turn (tubing) and 

t few turns of Litz wire by partially shielding them. 

e 

(p

. 

s undesirable for the same reasons 
m  

t 

ains fixed for different configurations. The 
vo

100 amps, possibly around 150 am
ire salvaged from the Forestport helix. 

Voltage Limit 
Electrical breakdown occurs when the surface electric fields on an electrode exceed the critical 

level for breakdown. The electric field is greatest at the locations of the maximum voltage in the 
circuit, which is at the top of the helix and capacitor stack. If breakdown occurs, it can damage the 
organic insulating materials in the Litz wire and helix frame. Consequently, it is important to operate

to damage. There are many location
it for the maximum operating voltage. 

One set of voltage limits involves corona formation on the surface of the Litz wires, corona rings, 
and feed line at or near the top of the helix and capacitor stack. The Forestport helix is mounted 
vertically and fed at the bottom. The voltage on each turn increases approximately linearly with 
height. The top turn has the greatest voltage and surface field. The field is greatest there becau
has the highest voltage, and because it is not shielded by any turns above it. For these reasons, the top
turn of a high-voltage helix is usually constructed from metal tubing having a 

reduces the surface field on the nex

When the top turns of Litz wire are adequately shielded, the top corona ring limits the breakdown 
voltage for the helix. In this case, breakdown occurs first from the corona ring at the top of the coil, 
limiting the voltage. The breakdown voltage depends on the minor diameter of the ring and the 
distance from it to the nearest grounded object (walls or ceiling). Because it is made from metal, th
corona ring is not damaged when corona, flashover, or flare occurs and, in effect, the corona ring 
protects the rest of the coil.  

The maximum turn-to-turn voltage can become the limiting parameter depending on the spacing 
itch) of the coil. This is undesirable for two reasons. First, if corona or flashover occurs between 

the turns, it damages the Litz. Second, if the coil is turn-to-turn voltage limited, the maximum 
voltage must be reduced when the number of turns is reduced (for example by changing the tap)
However, a coil can usually be designed, using one or more layers to have enough pitch such that 
turn-to turn voltage is not the limiting parameter.  

The voltage limit for the bottom turn of the inductor can also become the limit depending on the 
operating voltage of the circuit and its distance to ground. This i

entioned above, and consequently the bottom turn is usually somewhat elevated. The elevation
height of the bottom turn is one of the important design parameters for a helix. 

For a well-designed helix, the top corona ring should limit the voltage. Changing taps in a way tha
eliminates turns from the bottom of the helix reduces the inductance and moves the bottom turn 
farther from the ground. For this case, as long as the helix is not turn-to-turn limited, the top corona 
ring limits the voltage, and the rating for the helix rem

ltage rating for a well-designed helix is essentially independent of the tap configuration (i.e., 
inductance), and this was the case for the Forestport inductor. 
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At Forestport, the top corona ring of the helix and the bus work connecting the helix to the 
capacitor stack and to the test cell set the voltage limit for the helix. This limit depended somewhat 
on environmental conditions, but the helix could usually operate at more than 300 kV rms after 
conditioning flashovers to burn off moisture, dust, and insects. 

KVA Rating 

a few 

The reactive power rating for a given component is equal to the product of the maximum voltage 
times the maximum current. The Forestport inductor has a short-term reactive power rating of 200 
amps times 300 kV or 60 MVA, independent of the number of turns. The long-term rating is 
estimated to be 150 amps times 300 kV or 45 MVA. 

Capacitor Stack 

The high-Q inductance of the helix is resonated by a capacitor, which forms the resonant circuit. 
This capacitor is formed by a series-parallel combination of smaller capacitors, known as a stack, 
because capacitors are only available in units smaller than needed for the HVTF requirement. The 
design of the capacitor stack configuration requires consideration of the interrelationship of several 
parameters, including the capacitance of the individual capacitors, their voltage and current ratings, 
the total value of capacitance needed to resonate the helix at the desired frequency, and the voltage 
rating of the helix. Stack design is described briefly below and is treated more thoroughly in 
Appendix 5D. 

The Forestport stack was moved without modification to Dixon. The capacitor units used in the 
stack are oil-filled capacitors manufactured by Plastic Capacitors Inc., model BNZ 540-143A. These 
individual capacitors have 0.0145 µF capacitance and ratings of 5.4 kV rms and 12 amps rms. At 
Forestport, these capacitors were routinely operated at voltages of nearly 6 kV, with currents 
sometimes exceeding 20 amps. However, when operated at these levels for very long, individual 
capacitors sometimes failed spectacularly by exploding. The nominal VA rating of each individual 
capacitor is 64.8 kVA, but the extended VA rating approaches 120 kVA, at least for short periods of 
time. 

Structure 
The capacitor stack at Forestport (Dixon) consists of ), and 

(C ne 
C). The 

s in 
es 

ors 
the 

Section (B), the middle section, is configured the same as the bottom section (A), in that it has 
 capacitors, five in parallel by six high, separated by grading plates. The bottom of this 

se

 three separate sections labeled (A), (B
). These sections were connected in series with A being the low-voltage section, grounded at o

end, (B) being connected between the top of (A) and the bottom of the high-voltage section (
location of each of the three capacitor stack sections at Forestport is shown in Figure 5-5. 

Each of the sections consisted of three layers. Each layer had five stacks of individual capacitor
parallel. Each layer of the low-voltage section (A) had the capacitors stacked six high. Grading plat
separated the layers to minimize the effect of stray capacitance on the voltage distribution. (The 
grading plates for the high-voltage section can be seen in Figure 5-10). Each layer of 5 x 6 capacit
has 5/6 the capacitance of an individual capacitor, with six times the voltage rating and five times 
current rating. The bottom of this section sits on the floor and is connected to ground. 

three layers of
ction is insulated above ground using porcelain post insulators that are approximately 20 inches 

tall. 
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The high-voltage section (C), pictured in Figure 5-10, consists of three layers. In this case, each 
layer is only five capacitors high. The bottom of this stack is elevated above ground by p
station post insulators that are approximately 40 inches long. 

orcelain 

Voltage Limit 

N

Hz. 
he 

al to 
voltage limit multiplied by the height of the stack (i.e., number of capacitors 

in ng 

 
th 

d 
e voltage limit is about 180 kV. W re shorted, the calculated 

roximately 20 kHz and the voltage limit is about 90 kV. For both of these 
ses, the actual test frequency is re pacitance. 

quency stack configuration, used to achieve frequencies above 30 kHz, consisted of 1 
onfiguration, four of the five parallel stacks were disconnected and a 1 x 8 

s added to the top (top of Figure 5-10). The capacitance for this configuration, 
in

e 

r 

sketch of this frame is shown 
in  

oltage phenomena, especially flashover. These problems, 
which are discussed the circuit. As a 
consequence easurem and is not implemented 
at Di

ormal Configuration 

The �normal� capacitor stack configuration was designed to achieve maximum voltage at 30 k
This configuration has all three sections (A, B, and C) connected in series. The voltage limit for t
stack is equal to the combined voltage limits of the individual capacitors. In this case, it is equ
the individual capacitor 

 series). The total height of the �normal� configuration is 51 capacitors, which has a nominal rati
of 221 kV rms and an extended rating of 306 kV. The total capacitance of this configuration, 
including estimated strays is 1.922 nF, which resonates the full helix at approximately 30 kHz rms. 

Low-Frequency Configurations 

There are some practical ways to quickly change the capacitor stack to change the operating 
frequency. It is simple to short out one or both of the two lower voltage sections in order to lower the
resonant frequency. This increases the capacitance but reduces the voltage rating of the stack. Wi

 the bottom section shorted out, the calculated pproximately 28 kHz anonly  operating frequency is a
th hen the bottom two sections we
operating frequency is app
ca duced because of test object ca

High-Frequency Configuration 

The high-fre
x 59 capacitors. For this c
capacitor extension wa

cluding strays, is approximately 0.625 nF, which resonated at frequencies around 60 kHz, using 
only a portion of the helix. The 59-capacitor-high stack has a nominal voltage rating greater than th
normal configuration. However, at the higher frequencies, the dissipation limit of the capacitors, 
evidenced by the spectacular failures previously mentioned, limited the voltage to 200 kV or less. 

An air capacitor was constructed at Forestport in an attempt to exceed the dissipation limit of the 
oil-filled capacitors. The idea was to use an adjustable air capacitor in place of the capacitor stack fo
operation at the higher frequencies. The air capacitor consisted of a grounded aluminum frame 
suspended from the ceiling above the helix and the capacitor stacks. A 

 Figure 5-12, and it can be seen in the top of Figure 5-10, suspended by the yellow polypropylene
rope. This capacitance could be adjusted somewhat by moving the frame up or down (Smith, 1981). 
W.W. Brown (1923) used a similar technique. 

Several problems occurred when the air capacitor was the only capacitor in the circuit. These 
problems included difficulties with tuning for the desired frequency, maintaining the tuned condition, 
and inadequate reproduction of high-v

 below, were all the result of not having enough capacitance in 
, the air capacitor was not

xon. 
 useful for m ents at Forestport 
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One problem results from the fact that corona on the test object changes the capacitance. If the 
circuit has too little capacitance, the additional corona capacitance causes the resonant frequency to 
fluctuat t difficult or ble to maintain resonance, which has the effect of 
changin tage phenom  making it di tain flasho
proble h-voltage
breakdown  rise tim e for these p ust come
If the capacitance is too small, this current is limited and ver does
ene  the capacitors. Thus, for a given flashover voltage, 
the l, and damage are determined by the total circuit 
apacitance. 

e. This makes i  impossi
g the high-vol ena, often fficult to ob ver. A related 

m affecting the hig  phenomena is due to the fact that the initial current pulses for 
 have very fast es, and the charg ulses m

 normal flasho
 from the capacitors. 
 not occur. The 

rgy dissipated by a flashover also comes from
maximum current, heating, sound leve

c

 

Figure 5-12.  Adjustable air capacitor at Forestport. 

Experience with the air capacitor at Forestport indicates that there is a minimum capacitance 
required for adequately reproducing the high-voltage phenomena, especially flashover. The 
magnitude of the required capacitance is probably a function of the length of the gap. The Navy�s 
VLF/LF antennas have relatively large values of capacitance varying from a few nF up to a few 
hundred nF (Hansen, 1990). A true ena for these 
antennas would require sim h-voltage test facility. 

he capacitance of the normal configuration was 1.922 nF, including strays, and this seemed to 
provide adequate simu . The problems described 
above were sometimes experienced when testing larger insulato high-frequency 
configuration, which had a total capacitance of , including strays. 

simulation of the expected high-voltage phenom
ilar capacitance, but this is not practical for a hig

T
lation of high-voltage phenomena for most cases

rs using the 
 only about 0.746 nF
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Current Limit
The current or the sta ors multiplied 

by the number of capacitors in parallel. The corresponding volt  multiplying 
the maximum ble capacitor citance by the 

ductive reactance of the helix at resonance. This limit is frequency dependent since the reactance 
va

s 

nt 
ra

 

  

an

 
it 

ck. The other two limits are voltages that occur for the maximum allowable 
currents of the capacitor stack and the helix respectively
30  

it is 90 
ut.  

 helix 

dded 

 
 limit f ck is equal to the current limit of the individual capacit

age limit is calculated by
 allowa  stack current plus the current in the shunt capa

in
ries with frequency. The normal stack configuration and the two low-frequency stack 

configurations have five capacitors in parallel. Ignoring shunt current, the maximum current for thi
case has a nominal value of 60 amps rms and an extended value of 100 amps rms. 

KVA Rating 

An important design parameter for the capacitor stack is its overall VA rating because this 
determines the number of capacitors required. Each individual capacitor has a fixed voltage and 
current rating. The VA rating of a series-parallel combination of capacitors with equal ratings is 
equal to the sum of their VA ratings. Thus, the required VA rating determines the number of 
capacitors in the stack. 

For example, by putting two capacitors in parallel, the capacitance doubles, as does the curre
ting, but the voltage rating remains unchanged. Thus, the VA rating is doubled. For two capacitors 

in series, the capacitance is halved but the voltage rating doubles, while the current rating remains 
unchanged. Again the VA rating is doubled. This relationship can be generalized to apply to 
combinations of capacitors having the same voltage and current ratings.  

The three sections of the capacitor stack are connected in series for typical operation. This results
in a composite capacitor consisting of five parallel arrays of 51 capacitors for a total of 255 
capacitors. The capacitance of this configuration is 1.422 nF, and it has a nominal VA rating of
  (255)(77.22 kVA) = 19.7 MVA  

d an extended rating of 
  (255)(120 kVA) = 30.6 MVA. 

This is less than the helix VA rating of 45 MVA nominal and 60 MVA extended. Thus, as will be
seen in the next section, the capacitor stack was the overall limiting factor for the high-voltage circu
at Forestport. 

Operating Limits 

The overall voltage limit is determined by the lowest of the limiting values for each of the circuit 
elements. There are four limits to consider. The first two are the overall voltage limits of the helix 
and the capacitor sta

. The helix voltage limit is approximately 
0 kV rms, independent of tap setting and capacitor distribution. The extended voltage rating for the

capacitor stack in the normal configuration is 306 kV. The extended rating for the low-frequency 
configuration with the bottom section of the capacitor stack shorted out is 190 kV rms, and 
kV rms when both lower sections are shorted o

The maximum voltages as determined by the current limits are also frequency dependent. These 
limits are calculated as the limit for the total helix current times its reactance at resonance. The
current limit is nominally 150 amps. The extended current limit is 100 amps for the normal stack 
configuration and 20 amps for the high-frequency configuration. The leakage currents must be a
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to these values to obtain the total current through the inductor. These voltage limits are summarized 
in Table 5-1.  

Table 5-1. Forestport tuned circuit voltage limits at resonance. 

iting Parameter Parameter Value 
Forestport  

Calculated Voltage 
Limit  

Voltage Limit at 
Forestport  

Lim

Helix Voltage  300 kV 300 kV 300 kV 

Helix Current 150 amps V = 150 ⋅Xl Freq dependent 

Capacitor Voltage 6 kV/cap V = 6⋅m   * 306 kV 

Capacitor Current 20 amps/cap V = 20⋅n⋅Xl   ** Freq dependent 

* m = stack height number of capacitors 

** n = number of capacitors in parallel 
 

The operating voltage limits for the Forestport high-voltage tuned circuit have been calculated and
are shown in Figure 5-13. The values shown in the figure closely correspond to the actual limits 
observed at Forestport. The figure plots maximum voltage capability as a function of resonant 
frequency for the th

 

ree different helix configurations and three different capacitor configurations 
us  

on used in the figure are given in Table 5-2. 

ed at Forestport. The helix configurations are labeled Max L (all 72 turns), Mid L (64 turns) and
Min L (32 turns). The description for the capacitor stack configurations and the associated 
designati

Operating limits for Forestport high voltage circuit
Four capacitor configurations, three inductor configurations
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Figure 5-13.  Forestport operating voltage limits. 
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Table 5-2. Capacitor stack configuration labels. 

Designation Stack Configuration 

C The normal 5 x 51 stack, 

1.54 C The 5 x 33 configuration; section A shorted, 

3.4 C The 5 x 15 configuration; sections A and B shorted, and 

0.23C The 1 x 59 high-frequency stack configuration. 
 

The voltage limits given in Figure 5-13 were calculated for shunt capacitance values of 250 pF and 
500 pF. The smaller value is an estimate of the stray capacitance of the high-voltage circuit alone, 
and the larger value is an estimate for a typical indoor test setup. For each configuration of the helix 
and stack, Figure 5-13 shows two values of resonant frequency and a voltage limit corresponding to 
the two values of shunt capacitance. The two values are connected by a line, which includes an 
arrowhead when the separation allows. The arrowhead indicates the direction of increasing shunt 
capacitance. The high-frequency end of these lines corresponds to the lower value of shunt 
capacitance (250 pF). The low-frequency (higher voltage) end of the line correspond
value of shunt capacitance (500 pF). For example, the end points for the 0.23 C � Min L curve on the 
right-hand side of th uction in resonance 
for the larger value o r shifts. The stray 
ca ed. 

ts, 

current-
limited voltage, and this effect has been included in the results shown in Figure 5-13. 

Figure 5-13 shows that the nd it occurs at 
approximately 30 kHz for co aximum operating voltage 
falls off above and below that frequency. For a given capacitor configuration, the capacitor current-
limited voltage is inversely proportional to frequency because the capacitive reactance is inversely 
proportional to frequency. This limit is lower than the capacitor voltage limit at higher frequencies. 
As the frequency decreases this limit increases until it equals the capacitor voltage limit. Below that 
frequency the capacitor voltage limit is lower. The normal configuration for the capacitor stack was 
designed to resonate the full helix (Max L) at 30 kHz and

s to the larger 

e figure have the end points labeled. This curve shows the red
f shunt capacitance. The other curves show similar but smalle

pacitance values for the points on the ends of the other curves are the same but not label

The resonant frequency shifts somewhat depending on the amount of stray capacitance. The stray 
and test object capacitance will normally be between 250 pF and 500 pF and so the resonant 
frequency for any test setup should fall between the frequencies shown in the figure. For indoor tes
the observed resonant frequency agreed well with the calculations. However, when configured for 
outdoor testing, the resonant frequency was often lower than that calculated for 500 pF, indicating 
the added stray capacitance of the bus-work carrying the high-voltage outside was more than 500 pF. 
As previously mentioned, the presence of the stray capacitance increases the capacitor 

 maximum operating voltage is 300 kV rms a
nfiguration C with Max L and Mid L. The m

 to have its voltage rating at 30 kHz equal to 
that of the helix (Appendix 5D). Thus, at a frequency near 30 kHz (depending on the amount of shunt 
capacitance), the capacitor voltage limit and current-limited voltage are equal and nearly equal to the 
helix voltage limit.  

The voltage limits fall off above 30 kHz because of the capacitor current-limited voltage, which is 
inversely proportional to frequency. The reduced voltage limit below 30 kHz is due to the capacitor 
voltage limit of the stack, which is reduced because the stack is reconfigured to have more 
capacitance and it has a lower voltage rating. 
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Note that for the capacitor current-limited cases (above 33 kHz), increasing the shunt capacitance 
increases the voltage limit. The main reason for this is that the resonant frequency decreases. 
However, it is also partly because the shunt capacitance carries some of the current, reducing the 
current flowing in the capacitor stack. The amount that shunt capacitance increases the voltage 
depends on the capacitance of the stack. It is greatest when the stack capacitance is a minimum 
(0.23C). For capacitor voltage-limited cases (frequencies below 33 kHz), the overall voltage limit is 
not affected by shunt capacitance. 

Test Cell 
Inside 

The Forestport test cell was 38 feet long by 25 feet wide by 25 feet high, including the space for 
the observation and control area and the water tanks. There was a large doorway between the helix 
house containing the high-voltage circuit and the test cell. The top of the high-voltage circuit has a 
suspended bus made of 6-inch-diameter aluminum pipe, which brings the high voltage through the 
door into the test cell. The high-voltage bus has a universal joint suspended from an insulator at a 
location just inside the test cell. A sliding trombone section of bus hangs down into the test cell from 
the universal joint enabling connection of the high-voltage circuit to inside test objects. Figure 5-14 
is a picture of a typical indoor test setup showing the feed with the universal joint and the trombone 
section. 

Many high-voltage phenomena are only visible in the dark. Thus, the test cell and helix house are 
designed x house 
and the test cell had overhead lighting in zones that could be individually controlled from the 

st cell had two rolling overhead electric winches that were used to move or suspend test 
ob

re above freezing. In 
ad

without windows to allow testing in the dark even during the daytime. Both the heli

observation room. 

The te
jects. 

The test cell floor had a drain to collect the water during wet tests. 

At Forestport, a heater was required in order to maintain an inside temperatu
dition, there were plenty of electric power outlets for tools and instrumentation. 
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Figure 5-14.  Forestport inside test cell. 

O

s the inside configuration typically 
us e 

utside 

The outside tests were primarily centered on the cement pad that was just outside the roll-up door 
(Figures 5-3 and 5-4). This door allows the extension of the bus work outside for testing of objects 
too large to fit into the test cell. Large test objects were often placed on this pad and connected by an 
extension of the bus through the roll-up door. Figure 5-15 show

ed to feed outside test objects. The bus extension on the right of the figure feeds through the larg
roll-up door to the outside test pad. Figure 5-16 shows a typical outdoor test configuration. 
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Figure 5-15.  Forestport high-voltage feed from helix house. 

The outside test area included the capability to suspend insulators and cables. This was 
accomplished in several ways. The insulators and cables were usually attached to an anchor block, 
w

 the pole at a location approximately near the center of the outside test pad. Another 
m

hich was placed outside just next to the roll-up door. There was a 90-foot utility pole located about 
100 feet away from the anchor block, such that a line between the anchor block and the pole 
diagonally crossed the outside test pad near its center (Figure 5-17). A cable or insulator could be 
suspended from

ethod used when a nearly horizontal configuration was needed was to suspend the test object on a 
cable between the utility pole and the top of the helix house as shown in Figure 5-18.  
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Figure 5-16.  Forestport outside test setup. 

 

80 Foot Pole

Upper Guyline

Lower Guyline

Pulleys

70'

Winch

3/8" Cable

150'

Cement Block30'

Pulleys rated for 4000 lbs.
Winch capacity - full drum  3000 lbs.

100'
 

Figure 5-17.  Forestport outside, hoisting pole and winch. 
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Figure 5-18.  Cutler failsafe insulator mock-up suspended from top of helix house. 

ther 
rvation area and the 

te

which the transmitter operator reported 
ov , 

Observation Area 
Inside 

The inside observation area at Forestport consisted of a 10-foot-wide screened area across the end 
of the test cell. The outside door to the test cell enters into the observation area to ensure that 
someone does not inadvertently walk into the energized high-voltage area. 

The wall separating the observation area from the test cell was formed by a 2-by-4 frame covered 
with a fine copper mesh on each side. The wall had two rows of open spaces (windows) for 
observation. One row of the windows was at a height convenient for standing observers and the o
at a height convenient for sitting observers. There is one door between the obse

st cell. The safety switch was mounted next to this door, and during a test the safety director 
activated this switch whenever someone went into the test cell area. With a few rare exceptions, 
everyone was located inside the observation area during tests. The control and observation area is 
pictured in Figure 5-19. 

Control of the transmitter was maintained through voice commands to the transmitter operator by 
the use of an intercom. The intercom speaker was mounted in the observation area and operated such 
that the channel from the observation area to the transmitter was normally open. The transmitter 
operator had to manually operate a switch in order to communicate back to the observation area. 
Sometimes the test required recording transmitter parameters, 

er the intercom. The weather station readout was located at the transmitter console, and that data
including barometric pressure, was passed to the test cell area via the intercom.  

5-28 



VLF/LF High-Voltage Design and Testing   Chapter 5 Test Facility and Measurement Methods 

 

Figure 5-19.  Inside test cell observation area. 

The observation area also contained the instrumentation for measuring the high voltage and 
frequency. Additionally, there was storage for tools and other instruments for observing temperature, 
humidity, cameras, binoculars, etc. There were built-in tables for mounting instruments and for 
recording data. A small, red table lamp was used to enable the data recorder to see the data without 
the observers losing their night vision. 

Usually, the only variable recorded during testing was the high voltage. The voltmeter had an LED 
display that could be read in the dark. Normally, one person was given the job of observing and 
calling out the voltmeter readings for the data recorder to log. 

Outside 

Most of the outside tests were done at night to facilitate observation of the high-voltage 
phenomena. Visual observation of certain high-voltage phenomena, such as corona onset and 
extinction, require it to be quite dark. Thus, testing outside required the outside lighting be turned off. 
At Forestport we could turn out all the lights except for the tower strobe lights. The strobe lights were 
sometimes irritating but did not materially affect observations. 

The main outside observation area was located in the storage shed that was along the driveway 
coming into the test area (see Figures 5-3 and 5-4). For outside testing, the high-voltage meter, 
intercom, and safety switch were all moved into this shed, as well as the thermometers, humidity 
meters, and other items used to measure test observables. A portable table was used to accommodate 
the person recording the data. 
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The shed had a two-car garag hen operating at high 
voltage, most of the observers would be located inside the shed, and observations were generally 

itting or standing in the plane of the garage door. The common practice was to cordon 
 object using PVC stands and plastic ribbon. Sometimes, it was required to 

ha

y system. 

by the 
95, �Standard Techniques for High-voltage Testing� and ANSI C29.1-1988, �Test 

are for 60-Hz testing. The 
 use water having a resistivity 

e door, which was opened for testing. W

made while s
off an area around the test

ve observers outside of the shed. In this case, the usual procedure was to position the observers 
prior to energizing the circuit. Except for a few rare occasions, the observers would remain outside 
the cordoned area. 

Water Spray System 
The withstand voltage of high-voltage hardware used in outdoor applications is usually the most 

limited during wind-driven rain conditions. For that reason, the spray-wet testing, simulating wind-
driven rain, is probably the best single test to define outdoor high-voltage hardware performance. 
Consequently, a high-voltage test facility needs to have a water spra

The water spray system at Forestport was designed to provide test conditions as defined 
IEEE Std 4-19
Methods for Electrical Power Insulators.� Both of these standards 
standards indicate that the conventional test procedure in the U.S. is to
of 178 + 27 Ohm-m. This particular number is a holdover from earlier standards in w

 for the standard test procedur
hich resistivity 
e in the U.S. is 

ertical component of 5.0 ± 0.5 mm/minute, 
mperature for the spray-wet test is required 

 ±15o C. 

 located in a remote area without water utilities, so a well was used 
to

 

ter 

 well 
this, the 

Fo ng 
n 
 

 

 

was specified to be 7000 Ohm-inches. The rainfall rate
ospecified to fall at an angle of approximately 45  with a v

1.2 inches/hour. The water tewhich corresponds to 11.8 ±
to be at ambient temperature

The Forestport test facility was
 obtain water. The well water was considerably more conductive than called for in the ANSI 

specifications. Consequently, a deionization system was installed to produce water of the prescribed
conductivity. 

Three 700-gallon fiberglass tanks were used to process and store the water. Originally, the wa
was pumped from the well into the first tank through a commercial filter and deionization system 
supplied by Culligan. This tank was used solely for deionized water. From there the deionized water 
was pumped into tanks two and three where it was mixed with well water that had been filtered but 
not deionized. The mixing ratio was determined experimentally to produce water with the 
conductivity of 0.02 meg-ohm-cm (200 ohm-meters). The Culligan system included two meters for 
monitoring the conductivity of the water. 

The capacity of the two water tanks was 1400 gallons, which provided 7 hours of testing. The
did not have a large flow rate, and it took several days to fill the tanks. To get around 

restport system included a 500-gallon tank fed by the floor drain to recover the water. Duri
extended periods of wet testing, the recovered water was recycled through the filter and deionizatio
system back into tank number one. From there the water was pumped into the empty water tank and
mixed with well water while testing was ongoing. Thus, a continuous supply of water could be 
provided for extended periods of time. A diagram of the water system is shown in Figure 5-20. Note
that the 700-gallon tanks were located in the test cell area so that the stored water would equalize to 
the ambient temperature of the test cell. 

The sprayers were specially made using a copper pipe extension with a brass nozzle attached on 
the end. The nozzles were specially made to meet the specifications defined in the IEEE and ANSI
standards. These nozzles can be adjusted to provide the specified rainfall rate. These spray nozzles  
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Figure 5-20.  Water spray system. 

were mounted on a vertical stand made from PVC pipe. The attachment allowed the nozzles to be 
easily pointed, moved up and down, and the take off angle adjusted. Figure 5-21 illustrates one of the 
spray nozzles. The pipe shown holding the nozzle is made from PVC pipe. However, we later 
discovered it was necessary to make this pipe out of copper because the PVC pipes would melt 
during testing at high voltage when full of water but not flowing. The nozzles at the end were made 
from brass because during testing they would often go into corona and plastic nozzles melted or 
burned. The hoses f C pipe stand. 
Standard garden hoses were used but care was taken to keep the hoses from touching the ground near 

id arcing between the hose and ground, which will burn through the 

h 

can be adjusted to simulate a driving rain much better than the standard nozzles. Driving 

rom the pump were attached to the nozzles near the vertical PV

the base of the PVC stand to avo
hose and quickly ruin it. 

Outdoor testing usually involves larger test objects and/or suspended test objects. For these tests, 
the water has to be sprayed farther and higher. Often there is some wind during outside tests, whic
blows the spray around. The nozzles specified in the IEEE and ANSI standards are not very effective 
for throwing water very far or against even a light wind. We found that standard adjustable garden 
hose nozzles made of brass were much more effective for delivering the specified rainfall rate to the 
required locations. These nozzles can be located considerably farther away than the standard nozzles 
and still provide the appropriate water spray. In addition, they are easier to adjust than the standard 
nozzles and 
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rain is a realistic worst case for the kind of operating conditions experienced at a Navy VLF/LF 
transmitting station. These nozzles were especially useful for testing insulators installed at 
operational stations, and we eventually adopted them as our standard. 

 

Figure 5-21.  Water spray nozzle. 

Instrumentation 

 to the VLF/LF high-voltage circuit described above, there were other useful sources of 
high voltage used at Forestport: 

25-kV DC Hipot 

akage. The 
60

High-voltage 

Sources 
In addition

150-kV, 60-Hz high-voltage source 
300-kV lightning pulser 

The DC high-potential test set (Hipot) was useful for checking small insulators for le
-Hz high-voltage source was useful for making measurements to compare with other 60-Hz 

measurements. The lightning pulser was used for simulated lightning measurements. 
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VLF/LF Divider 

olts. 

 
he 
g 

r 

FD-50 capacitors rated at 60 kV each. Parallel plates separate these sections to control the 
stray capacitance and keep a more nearly uniform voltage distribution across the individual 

rs in the stack. The upper part of the divider can be seen on the far right of Figure 5-10. The 

 

 the 
d via a cable trench to the 

ob put 

n 

io. The 
 that the division ratio at the end of the 

co

The magnitude of the high voltage is the primary observable necessary to determine the 
performance of high-voltage insulators. The VLF/LF high voltage was measured using a 10,000:1 
voltage divider that was constructed on site using a tall stack of capacitors. The divider, shown 
schematically in Figure 5-6, reduces the maximum high voltage of approximately 300 kV to 30 v
The capacitors were located in the helix house near the helix and the tuning capacitor stack (stack D 
in Figure 5-5). One consequence resulting from this location of the voltage divider was that 
whenever the configuration of the helix or the tuning capacitor stack changed, the stray capacitance
to the divider changed, and it was necessary to recalibrate the divider. Since the configuration of t
either the helix or the stack, or both, was changed for each frequency, this had the effect of makin
the division ratio frequency dependent. This was corrected using the adjustable decade capacito
shown in Figure 5-6 and discussed in the section below on divider calibration. 

The top of the divider consisted of a stack similar to one of the sections of the tuning capacitor but 
using much smaller capacitors. It consisted of three sections each having seven 50-pF Jennings 
model CH

capacito
bottom capacitor in the stack was a Jennings CVFP 1500-355 variable capacitor with a voltage rating 
of 35 kV that can be adjusted from 500 to 1500 pF. The base of the divider is constructed of an 
aluminum tube and circular plate that sits on the copper floor at ground. A braided strap was attached
to the base and welded to the copper floor (see Figure 5-22).  

The divided high-voltage signal was picked up across the bottom capacitor (the variable) in
divider stack, with one side being ground. This signal was route

servation space using a double-shielded 50-Ohm coaxial cable where it was connected to the in
of the high-voltage meter located in the observation space. The meter used was a Hewlett Packard 
HP-8903A audio analyzer, which has an LED output for both the voltage and the frequency and ca
be easily read in the dark. 

The voltage divider by itself was designed to have a division ratio of from 210 to 630, 
considerably less than the factor of 10,000 desired. However, the capacitance of the coax and the 
meter are in parallel across the bottom capacitor in the stack, which increases the division rat
variable capacitor at the bottom of the divider was adjusted so

ax in the observation area is a little less than 10,000:1. An additional adjustable decade capacitor 
was placed across the input to the audio analyzer to enable adjustment of the overall division ratio. 
The calibration procedure, described below, amounts to adjusting this decade capacitor such that the 
division ratio between the high voltage and that displayed on the HP-9803A was exactly 10,000:1.  
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Figure 5-22.  10,000:1 voltage divider. 

Calibration 

We found that calibrating the high-voltage divider using high-voltage meters or probes that had 
been calibrated elsewhere led to serious discrepancies in the high-voltage measurements. As a result, 
a calibration technique was worked out on site that gave consistent and repeatable results that we 
believe to be quite accurate. The basis of the procedure was to use commercially available calibrated 
digital multi-meters with high-accuracy specifications in the VLF/LF range. Many of these meters 
can accurately measure voltages up to 300 Volts rms and some of them 1200 volts rms or higher. 
These meters were used to accurately calibrate a commercially available capacitance divider with a 
nominal 1000:1 ratio. The calibrated divider was used in conjunction with one of the multi-meters to 
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calibrate the 10,000:1 divider. The 1000:1 divider was calibrated in place on the test cell floor so that 
the stray capacitance was the same for both parts of the procedure. 
The procedure to calibrate the 10,000:1 divider requires the following instruments (or 
equivalents): 

 Digital Multi-meter, Hewlett-Packard HP 3468A (2 required) 
 Jennings Voltage Divider model 13200-1000-1 with 1000:1 ratio 
 Synthesizer/Generator, Hewlett-Packard model 3325B with high-voltage option 
 Step up transformer (24-volt filament transformer) 
 Audio Analyzer, Hewlett-Packard model HP 8903B 
 Decade capacitance box 

1000-to-1 Divider Calibration 

The test frequency must be first determined by setting up the test object and using the transmitter 
at low power while adjusting the transmitter frequency until maximum voltage across the high-
voltage tuned circuit occurs. The two dividers are then calibrated using that frequency. 

The first step is to determine the division ratio of the nominal 1000:1 Jennings bottle voltage 
divider at the test frequency. The Jennings bottle divider is set up on the floor of the test cell where it 
can be connected to the high-voltage circuit. However, for the initial calibration of the bottle, it is not 
connected to the high-voltage circuit. Instead, it is connected across the secondary of a sm ll 
transformer located next to the divider, shown sche and pictured in Figure 5-
24. An extra length of double-shielde ed to the short piece of coaxial 

 with the Jennings divider to connect with meter M1. The extra coaxial cable adds 
capacitance, which increases the division ratio. We used a specially made up and labeled cable 
de

 
esizer is tuned to the test frequency 

and placed in high-voltage mode, which provides up to 22 volts peak-to-peak output. The output 
rovide the maximum possible reading without waveform distortion. This 

e less than the 300-volt rating of the HP 3468A multi-meter, which is also connected 
ac

t 

s 

P 3468A multi-meter, M1 in the 
sc atio of 

g 
 as 

a
matically in Figure 5-23 

d coaxial cable was connect
cable provided

dicated to that purpose. With this extra cable, the division ratio was about 1182:1.  

The high-voltage output of the synthesizer was connected to the secondary of the filament 
transformer using another piece of double-shielded coaxial cable. The primary is connected across
the Jennings divider, providing a stepped-up voltage. The synth

amplitude is adjusted to p
voltage must b

ross the transformer secondary (M2 in Figure 5-23, pictured in Figure 5-24). 

The meters used for this calibration are wide band, and to obtain accurate results it is importan
that the calibration waveform is not distorted. At high-output levels, the synthesizer can have a 
distorted waveform when driving an inductive load like the transformer, and an oscilloscope is 
necessary to check the waveform. A slight reduction of the synthesizer output level often eliminate
distortion. 

The output of the Jennings bottle divider is read using another H
hematic (Figure 5-23). The ratio of the voltages from these two meters defines the division r

the Jennings bottle divider. These voltages were measured five times by simultaneously triggerin
both meters and recording the readings. The readings were averaged, the ratio taken and recorded
the division ratio for the Jennings divider. The data sheet used for this procedure is given in Figure 5-
23. 
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Figure 5-23.  Form for determining division ratio of voltage divider bottle. 

The calibration of the Jennings divider was regularly checked prior to using it to calibrate the 
ivider. We found that the division ratio of the Jennings divider measured in this way was 

re
10,000:1 d

peatable with variability less than 0.5%, and that this ratio was essentially constant over the 
frequency range used at Forestport. 
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Figure 5-

d 

 
ld 

s 

H
he 

24.  Determining the Jennings voltage division ratio. 

10,000:1 Divider Calibration 

Following calibration, the Jennings 1000:1 divider was used to calibrate the 10,000:1 divider. For 
this procedure, the Jennings bottle was left in place on the test cell floor. The transformer was 
disconnected and removed from the test cell area. The top (high-voltage section) of the Jennings 
divider connected to the high-voltage circuit. The HP 3468A meter (M1) was connected to the output 
of the Jennings divider to allow measurement of the high voltage using that (now calibrated) divider. 
This reading is compared to the readings from the 10,000:1 divider taken with the HP 8903B audio 
analyzer. This setup is shown schematically in Figure 5-25, the data sheet for calibrating the 10,000:1 
divider.  

The calibration procedure involved slowly increasing the transmitter power on the previously 
determined test frequency. The meter connected to the Jennings divider was carefully monitored an
the transmitter power slowly increased until it read about 28 volts rms, corresponding to a high-
voltage of about 31 kV rms or 44 kV peak across the Jennings divider. The rating for the Jennings 
divider is 50 kV peak, and it is important not to exceed that rating. Flashover across the Jennings 
divider connects the high-voltage circuit directly to the coaxial cable going to the meter. This would
destroy the meter and is dangerous to personnel. To reduce the danger to personnel, the meter shou
be set outside the observation space in a location where it is easily read but not touched by personnel 
while the high voltage is activated. 

Once the desired level is reached, readings are taken from the meter attached to the Jennings 
divider. These readings are multiplied by the division ratio of the Jennings divider, and the product i
called HVCAL. The audio analyzer measures the 10,000:1 voltage divider signal, which is close to 
HV  /10,000. The final step involves adjusting the decade capacitance box, across the input to the CAL

P audio analyzer (shown in Figures 5-6 and 5-25), until the analyzer reads exactly HVCAL /10,000. 
When that adjustment is complete, the value of the decade capacitor is recorded in the logbook. T
transmitter is taken down and the Jennings voltage divider removed. This procedure resulted in 
measurements that were often repeatable to within ±1%. 
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Figure 5-25.  Form for calibrating 10,000:1 voltage divider. 

Power  

The power dissipated in the test circuit was sometimes measured to determine the power dissipated 
in the high-voltage phenomena such as water heating or corona. The equipment and technique used 
to measure this power are described in Chapter 7. 
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En

al ambient conditions. Accurate barometric pressure 
aking corrections to standard conditions. Consequently, some form of calibration 

pr

co

H
0 

tely 
 

ethods and instruments were used 
ty. We finally settled on relative humidity because it was the easiest, fastest, and 

determine most values of humidity. The relative humidity can be used to 
ca

s 

 

tion. It is important to note the human eye does not fully adapt to the dark for 
ap

in the dark. 

Flashlights with red lenses were useful for the observers to perform various functions without 
losing dark vision adaptation. They were often used as a light source to briefly illuminate the test 

vironment 

Commercially available instruments were used to measure environmental conditions. 

Weather 
A weather station is useful for recording gener

is required for m
ocedure must be used to calibrate the weather station. At Forestport, the calibration of the 

barometric pressure was done by comparison with accurate data available at the nearby Griffiss Air 
Force Base. 

Temperature 
Accurate values for air temperature are required for correcting the test results to standard 
nditions. This temperature should be measured near the test object because the temperature might 

depend on location. Surface temperature measurements are required for heat run tests. 

Several different types of instruments are useful for temperature measurements, including standard 
air temperature thermometers, electronic thermometers with probes for measuring surface 
temperature, hand-held infrared spot thermometers, and infrared imaging scanners that can remotely 
monitor surface temperature. 

umidity 
Accurate values for humidity are required for correcting the test results to standard conditions at 6

Hz. At VLF/LF, this correction factor is not well known, but the humidity must be known accura
for analyzing the results to determine the correction factor. The humidity must be measured near the
test object because it can vary considerably within the test and observation areas, especially for 
outdoor tests. Over the course of operations at Forestport, several m
to measure humidi
most accurate method to 

lculate the absolute humidity. The accuracy of absolute humidity determined in this manner is 
quite high except when the relative humidity is near 100%. This is not an important shortcoming 
because the high-voltage performance is highly variable when the relative humidity is 90% or 
greater. We found a commercially available hand-held, wand-type relative humidity meter that wa
very accurate. This type of instrument is easy to use, has a short settling time, and facilitates 
measurements close to the test object. There is more discussion on measuring humidity in Chapter 3.  

Corona 

Visual 
VLF/LF corona is such that the dark-adapted eye can see it quite easily, especially when aided by a

telescope or binoculars. Consequently, most of the corona measurements at Forestport were done by 
visual observa

proximately 30 minutes. The U.S. Navy uses dim red lights in the corridors of a ship after dark 
because the red does not affect dark adaptation. For the same reason, a red light was used at 
Forestport to facilitate data recording when testing 
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object for focusing binoculars or determining the location of
determine exactly where a dim corona spot was located on 
as a light source to determine the loca

 corona. Often it was too dark to 
the hardware. Laser pointers can be used 

tion of corona spots. The laser is pointed at the corona source 
while it is dark. Som

served directly. Mirrors were used to observe the entire test object. 
There were four specially constructed 

 

 current. For this case, the Trichel pulses 
ca

 

 

e case for inside measurements, corona can often be heard. The sound 
 corona is quite high and it seems that younger observers can better hear corona. This is 

an  

y also 

d 

drain into a graduated cylinder shown in the figure. 

etimes the laser provides enough light to identify the hardware location. If not, 
the area is illuminated with a flashlight or overhead lights, providing enough light to see the 
hardware while the laser pointer pinpoints the corona source. 

The observation area was located only on one side of the test cell, and consequently only one side 
of the test object could be ob

mirrors, each approximately 2 feet wide by 3 feet high, which 
could be placed on the floor at various places around the test object. The vertical angle of the mirrors 
could be easily adjusted so that the observers in the observation area could see the entire backside of 
the object. 

Night Vision Device 
Several night vision devices are available on the market. They work very well for spotting corona. 

In fact at 60 Hz, where the corona is considerably dimmer than VLF/LF, they are nearly essential. 
The best night vision devices for corona spotting are wide-aperture devices such as the military 
surplus starlight scopes. Some much less expensive smaller night vision devices are available on the 
commercial market, and one of these devices was used successfully at Forestport. 

Current 
The Trichel pulses that mark the beginning of corona can be observed on the current waveform. 

This is the basis of the partial discharge technique used for non-destructive testing at 60 Hz. Certain
test configurations were constructed at Forestport having an insulated ground plane with a single 
ground return cable in order to measure the ground return

n be seen on an oscilloscope given that the current pickup device has enough bandwidth. These 
pulses were best observed when using current sensing resistor in the ground lead. This configuration
has a very wide bandwidth. They were less observable when using a Pearson current transformer, 
probably due to bandwidth limitations. With the right test setup, corona onset and extinction could be
detected by observing Trichel pulses forming in the current waveform. A series of tests resulted in a 
100% correlation between visual and oscilloscope observations. Our conclusion was that at VLF/LF 
visual observations of corona were faster, easier, and usually more reliable than other methods. 

Sound 
t, as is often thIf it is quie

frequency of
 excellent technique for locating the source of corona, especially if the test object is large such as a

helix and it is not practical to set up mirrors to cover the entire object. Directional ultra-sound 
microphones are used at power system frequencies to locate the source of corona, and they ma
be useful for locating VLF/LF corona. However, they were not tried at Forestport. 

Rainfall Rate 

A rainfall gauge was constructed to measure the rainfall rate following the suggestion in (IEEE st
4-1995) section 14-2.3. A picture of the gauge used at Forestport is shown in Figure 5-26. Note that 
the rainfall gauge collects water in the vertical and one horizontal plane. The collection chambers 
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Figure 5-26.  Rain gauge. 

Dimensions 

Accurate dimensions of the test objects are required for processing the data. At Forestport, we used 
several commercially available devices to measure dimensions. For accurate measurement of 
diameters, we had several devices, including micrometers and calipers of various sizes. We also 
constructed some special large calipers for measuring the major and minor diameter of the larger 
corona rings and the height of a wire above the ground plane. 

Workshops 

s considerably lower than for a smooth corona ring, the wet flashover voltage, which is 
he same for both rings. This fact allowed us to easily mock up and test the 

perform

st, 

installation. 

A good, well-equipped workshop was necessary in order to construct the test fixtures. The 
performance of insulators depends primarily on the corona hardware. At VLF/LF, the limiting 
parameter is usually the wet withstand voltage. We found that the performance, particularly wet 
flashover and wet withstand, did not depend very much on the materials used. For example, flexible 
corrugated tubing could be used to mock up a grading ring, and even though the dry corona onset 
voltage wa
lower, was essentially t

ance of insulator configurations for design optimization. 

A selection of insulators and tubing, both rigid and flexible, was used to mock up insulator 
configurations to determine the voltage limit for those configurations under wet conditions. The 
mock-up configuration was easy to change depending on the test results. The mock-ups were an 
important part of the engineering design process. Often the procedure involved computer design fir
then testing of a mock-up, with changes made based on the tests, then construction of a commercial 
version. The first article commercial version was usually thoroughly tested prior to acceptance and 
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The ring configurations on some of the larger insulators, such as base insulator assemblies, and 
tower lighting isolation transformers, and large halyard insulators are expensive and heavy. It would 
ha

 

ve been impractical to use the actual rings for all the configurations that were tested. In one case, 
the performance of a large halyard insulator for Cutler, which had a stainless steel ring 20 feet in 
diameter, was determined using a mock-up made from much lighter flexible pipe. The mock-up,
shown in Figure 5-27 (also Figure 5-18), was light enough to enable hoisting it to a height of 25 feet, 
which would have been impractical with the actual ring. 

 

Figure 5-27.  Cutler insulator mock-up. 

Special Equipment 
Some special

this is that th
 equipment was required to effectively maintain and operate the HVTF. One aspect of 

e test cell and helix house are both high-bay space and often personnel had to access 
th

 

as used for various 
as

 to 
ft 

ings that were up high for various purposes. For example, reconfiguring the capacitor stack for a 
frequency change required access to the top of the capacitor stack. The equipment at Forestport 
included two Genie Man Lifts capable of hoisting 300 pounds up to 25 feet high. These lifts were 
indispensable and highly recommended components for any high-voltage test facility. They were
used for many aspects of the operations. Another example of their use was to elevate the water spray 
nozzles to provide the proper spray on the Cutler halyard insulator, which was suspended 25 feet in 
the air. 

Another essential piece of equipment for a high-voltage test facility is a 4-ton forklift fitted with 
pneumatic tires, dual in front, for outdoor operation. At Forestport, the forklift w

pects of operation and maintenance. It provided the normal function for loading and unloading 
heavy loads (insulators) and moving them around in our outdoor storage area, but it was also used
move around the relative large assemblies that were sometimes tested at Forestport. A 3-ton forkli
extension crane was used to provide portable lifting capability. For heavy objects or high lifts, a 
crane was rented. 

5-42 



VLF/LF High-Voltage Design and Testing   Chapter 5 Test Facility and Measurement Methods 

A wagon approximately 8 feet wide by 20 feet long was used for moving heavy objects from the 
workshop to the test cell area. Either the forklift or a ¾-ton pickup truck, also a part of the test area 
equipment, was used to pull this trailer. 

The test cell area had a 2-ton overhead hoist that was on a motor-controlled gantry that could be 
moved back and forth across the test cell area. This hoist was used to pick up heavy test objects from 
a truck or trailer and set them down in the center of the test cell area. Often, portions of the test 
assembly or the feed bus needed to be suspended from an insulator, and there was a separate manual 

e for those functions.  winch with a nylon rop

Storage  
A large outside storage area was required for the various insulators available at Forestport. Some 

of the items stored outside are shown in Figure 5-28. 

 

Figure 5-28.  Outside storage for insulators. 

M
ate 

ge of failure mechanisms for the assembly, 
determined in part by measurements. Knowledge of the failure mechanisms allows protective 
m it 

tning 

om various 
materials. Most were porcelain. However, some insulators were made from fiberglass, Kevlar, and 

r concrete. There are various failure mechanisms for the insulators. If the insulator is 
de

EASUREMENT PROCEDURES 
The primary objective of high-voltage testing is to establish that insulator assemblies will oper

reliably. For that testing, it is necessary to establish the safe operating voltage for the insulator 
assembly under test. This requires developing knowled

echanisms to be designed that can be tested. Protective mechanisms include spark gaps, which lim
the maximum voltage across an insulator and control the path of flashover in the event of a ligh
strike. Another objective of high-voltage testing was to develop empirical data useful for design of 
VLF/LF high-voltage hardware. These data are presented in following chapters. 

The dielectric components of the insulators tested at Forestport were made up fr

even polyme
signed well, the wet flashover (or flare) is the limiting phenomena and occurs before any other 

limit is reached. As long as the flashover occurs from metallic surfaces well away from the dielectric, 
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it causes no damage. The other limiting phenomenon involves inordinate heating of the insulator 
dielectric, which does have the potential to cause permanent damage. This heating can result from 
corona, an arc near or on the surface of the dielectric, internal dielectric heating, or electric field
heating of water on the surface of the insulator. 

The insulator performance tes

 

ts performed at the HVTF were based on procedures taken from the 
IE

 

tor assembly, a series of tests is performed to examine each failure mechanism 
in al 

e in the 
htning or RF over voltage. The best way to determine and understand 

these limitations is by observation. Observations provide the information necessary to formulate 
tions for increased performance and/or methods to protect the dielectric portion 

of

imary tests necessary to determine insulator performance for high-power VLF/LF 
consists of the following: 

 

nception/extinction on wires 

oltage tuned circuit. The test object is configured to 
em

EE and ANSI standards for 60-Hz insulators. The procedures were sometimes modified to fit the 
requirements of the Navy�s FVLF/LF system and the differences in the high-voltage phenomena at
VLF/LF (Brooks, 1982). Not all of the procedures in the standards are relevant to VLF/LF. 

For any given insula
 turn to determine the maximum allowable safe operating voltage. Often the tests would reve

design flaws that unnecessarily limited the performance of the insulator or might allow damag
event of flashover due to lig

appropriate modifica
 the insulator. The on-site workshop enabled the rapid assembly and testing of proposed 

modifications to determine their effectiveness, which greatly facilitates the design process (see 
workshop section above for a discussion of mock-ups). 

The pr
applications 

For both dry and spray-wet conditions� 

 RF corona onset/extinction  
 RF flashover  
 RF heat rise  

Impulse flashover. 

The types of insulators and insulator assemblies that require testing include the following: 

1. Base insulator assembly (BIA) 
2. Guy insulators, single and in combinations 
3. Halyard insulators including large grading rings 
4. Tower lighting isolation transformers (TLITs) 
5. Feed-through bushings 
6. Corona i
7. Protective arc gaps 
8. Special tests of corona hardware (corona rings, etc.) 

 
A brief description of the test methods and techniques follows. 

General Procedures 
The general procedure for testing an insulator assembly involves first setting up the test object in 

the test cell and connecting it to the high-v
ulate the intended application. Guy and halyard insulators are usually tested outside where they 

can be suspended at appropriate angles. For insulators that were to be used in various installations, 
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the test configurations included the worst-case configuration, if known. For example, guy insulators 
may hang at various angles and tests should be performed with the insulator hanging with minim
and maximum hang angles. Halyard insulators are often suspended at shallow angles, near 
horizontal, and should be tested at those angles.  

Once the insulator is in place and connected to the high-voltage circuit, the transmitter is brought
up at low power and the transmitter freq

um 

 
uency is tuned to find resonance in order to establish the test 

the capacitor stack, the helix tap, and the variometer settings are changed to 
obtain the desired frequency. All relevant information about the test is recorded in a lab notebook. 

starts with a description of the test object and the setup, including measurements of the physical 

asured 

 

ect 
 

rement device. 

 
 

d 
itter tuned at low power. Then testing proceeds. 

e 
 

previous 

pr

spacing. It is common practice to set these gaps so that they flash over at a voltage just above the 

frequency. If required, 

This 
dimensions of the test object and the feed system. It is important to record the distance between the 
test object and the floor and walls of the test cell. Those dimensions affect the electric field 
distribution on the test object and are necessary for calculating correction factors to estimate the 
performance of the object in the actual installation.  

Just prior to each test run, the environmental parameters of temperature and humidity are me
in close proximity to the test object and recorded. For wet testing, the humidity is not recorded. The 
barometric pressure at the site is also recorded. If the test is a series, involving changing one or more
dimensions of the object under test, the dimensions are measured and recorded just prior to the start 
of each test.  

Wet Testing 

For wet testing, the water spray system is set up before testing. The nozzles are adjusted to proj
most of the available spray onto the test object. Typically, the sprayers are adjusted so that the water
is falling at approximately a 45o angle per the 60-Hz standards. It is important to adjust the water 
spray so that there is plenty of water falling onto the high-voltage hardware (corona rings) and also 
onto the surface of the insulators. Following the adjustment of the sprayers, the waterfall rate is 
measured using a calibrated measu

The water spray system is provided with a switch so that the water can be turned on and off from 
inside the control area. The water spray is adjusted and measured without high voltage present. Then
the water is turned off until ready for testing. The presence of the water loads the circuit and changes
the resonant frequency slightly. Consequently, the high-voltage circuit must be re-tuned with water 
present. The room is darkened, and while the observer�s eyes are adapting, the water is turned on an
the transm

Dry Testing 

At Forestport, it was discovered for inside measurements that the voltages for the onset of the 
high-voltage phenomena were greatly reduced when they were measured following wet tests on th
same day. This is attributed to the effect of increased humidity in the test cell resulting from the

water spray. The effect of humidity is the opposite at VLF/LF than at 60 Hz, and the 
magnitude of the effect is greater (see Chapter 6). To obtain valid measurements for dry conditions, 
the procedure followed was to perform dry tests before wet tests.  

Protective Gaps 

Large insulators, such as base insulators, bushings, and tower isolation transformers, often have 
otective spark gaps. The purpose of these gaps is to limit the maximum voltage that can occur 

across the insulator and to control the flashover path. These gaps are adjustable by changing their 
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operational voltage to provide maximum protection but not to produce an excessive number of 
flashovers. This maximizes the protection provided by the gap. The settings for these gaps, especially 
under wet conditions, must be determined empirically, and the test facility was often used to develop 

pirical information required to set the gaps. 

e. 
hat the 

  

n, 

the em

It is highly desirable for outdoor gaps to have the wet and dry flashover voltages nearly the sam
Rod gaps essentially provide this characteristic (Kotter and Smith, 1983). It is also necessary t
flashover follow the path dictated by the gap, well away from the surface of any insulating material.

Corrections 

The withstand voltages are corrected to standard atmospheric density using the following equatio
which is the same as used in the 60-Hz standards: 

  δ⋅= sVV  

 

or adjusts both the dimensions of the object and the 
cr

, 
dge 

ther the wet nor dry data 
w

ual 

n. 

ell 
d is 

e HVTF, such as a high mounting pedestal and the tower, tend to reduce the 
ust be taken into account. 

The same type of correction factor, based on the surface electric field, is used for other types of 
voltage hardware. For example, the Cutler halyard insulators were tested at a height such that 

 
t, 

. 

where V = the test voltage applied to the test object, 
    Vs = the rated withstand voltage at STP, and 
    δ = relative air density. 

This correction factor is not strictly accurate, as discussed in Chapter 2 and Chapter 6. However, 
exact correction factors for complicated objects such as insulator assemblies are not known at this 
time. For simple objects such as wires and spheres, the exact correction factor is applied. As 
discussed in Chapter 2, the exact correction fact

itical field on the surface. 

The 60-Hz standards apply a humidity correction factor for dry tests but not for wet tests. As 
discussed in Chapter 6, the humidity correction factor at VLF/LF is quite different than that for 60 
Hz. The correction factor at VLF/LF depends on the object under test in a fairly complicated manner
being a function of the radius of curvature of the object and test frequency. Since detailed knowle
of the humidity correction factor at VLF/LF is unknown at this time, nei

ere corrected for humidity. 

Another correction involves the differences between the configuration in the test cell and the act
installation configuration. This correction factor is developed by calculating the maximum electric 
field on the surface of the test object for both the test configuration and the installation configuratio
Since the high-voltage phenomena of corona, flashover, and flaring can be directly related to the 
surface field on the object, the correction factor is the ratio of these two calculated fields. For 
example, the maximum field on the corona rings of a large base insulator assembly for a given 
voltage is usually greater in the test cell than when installed. This is because the grounded test c
walls and ceiling increase the gradient. Thus, the flashover voltage for the insulator when installe
usually greater than measured in the test cell. However, other details of the installation that are not 
normally simulated at th
fields at the installation and m

high-
the bottom of the large corona ring was approximately 17 feet above ground (Figure 5-27), while in 
the actual installation at Cutler they are suspended 500 feet or more above ground. The corona rings
have a 6-inch minor diameter. Computer calculations were used to show that at a height of 500 fee
the surface field on the corona rings is reduced to 62.4% of the field at 17 feet. Thus, the voltage 
rating at a height of 500 feet is 1.6 times the rating measured at the test height of 17 feet
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Corona Onset/Extinction 
Pr

t 
ten corona 

 of the eye. 
Sometimes the corona is hidden and can be detected first by ear, giving an indication that some 

of the observers or the mirrors, are needed so the corona can 

 
s 

fl

 
itial 

s is the 
smitter power is cycled up to corona onset and down to extinction. This process is 

re

h-

 

e confident of correctly observing onset 
and extinction, a data series is recorded. The data consist of observations over a minimum of five 

nction. The onset and extinction voltages are recorded for each cycle. These 
values are averaged to give the final value for observed corona onset and extinction voltage. To be 

 

ocedure 

Visual observation is the primary method of corona detection used at a VLF/LF high-voltage tes
facility. These observations have to be done in a dark, preferably quiet, environment. Of
can be heard prior to seeing it, in part due to the time constant for dark adaptation

adjustments, such as position changes 
be seen. 

For corona onset/extinction measurements, the general procedures described above are followed 
first. Then, for inside measurements, the doors are closed and the lights turned off to check the test 
cell for light leaks. Any obvious openings are covered. If needed, the mirrors are adjusted so that the 
entire insulator can be seen from the various openings in the observation room. 

Often four or more observers are necessary. One has responsibility for recording the data, another 
for reading the high-voltage meter, and two or more for observing the high-voltage phenomena in the
test cell. They usually use binoculars, which help to detect small dim spots of corona. The binocular
are focused while the lights were still on. Then the lights are turned off and the transmitter brought 
up at low level and tuned while the observers were allowing their eyes to adapt to the dark 
conditions. During this time, the observers can also focus binoculars using a laser pointer or a red 

ashlight as a light source. 

Once the observers are ready and the transmitter tuned, the power is increased in 1-dB steps until 
corona is observed. The exact location of the corona is determined by use of a laser pointer, a red 
flashlight, or turning the lights on, and this location is recorded in the data book. If the corona is in a
location where it could cause damage, the test stops and the hardware is adjusted so that the in
corona occurs in a location where it cannot cause damage, and the test proceeds. Once thi
case, the tran

peated a few times until the observers are confident they are correctly observing the corona. 

The corona that first appears is usually very dim, and it is sometimes difficult to differentiate 
between corona and a reflection from a light leak. In this case, the test director orders the console 
operator to briefly interrupt the low-level drive signal to the transmitter. This interrupts the hig
voltage briefly so that the observers can tell if what they saw is corona or ambient light. The 
interruption lasts a short time (10 to 20 seconds), and the console operator calls over the intercom
when the transmitter goes off, and again when it goes back on. 

Once the initial corona has been found and the observers ar

cycles of onset and exti

acceptable, the averages must include at least five measured values that are within ±5% of the 
average, and they must have been measured within 5 minutes of each other as per the 60-Hz 
standards. 

For wet tests, there are several types of corona phenomena that move or are flickering or turning 
on and off (see Chapter 6). These corona are noted as the voltage is increased, but since they are not
destructive and have little power, they are not of practical importance and onset and extinction 
voltages are not recorded. As the voltage is increased, eventually stationary corona will appear, 
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un re 

at 

buted 
 
 

 the hardware means that the insulator is probably near flashover or flaring and is unlikely 
to

onary 

Fi

stport indicates this does not cause damage 
as

ch 

The dry flashover voltage for well-designed VLF/LF insulators is considerably greater than the wet 
flashover voltage. Often the insulators tested at Forestport were quite large, and the 250 to 300 kV 
available was not enough to determine the dry flashover voltage. Wet flashover could be measured 
and is an imp ormance 
criteria for outdoor insula

ver 

lashover 

s 
ne in the dark so that the location of the flashover or 

flare can be easily seen. When the flashover or flare occurs, the test director activates the safety 

less flashover or flaring occurs first. The onset and extinction voltages for the stationary corona a
recorded. 

Failure Mechanisms 

For VLF/LF high-voltage operational hardware, small amounts of corona that occurs on metal 
hardware such as corona rings is acceptable, as it does not cause damage. However, experience 
Forestport indicates that at VLF/LF, flashover or flaring will occur at voltages a little above the 
corona onset voltage. In other words, once corona starts, flashover is not far behind. This is attri
to field enhancements from space charge build-up at VLF/LF. This is not the case at 60 Hz, where
there can be a large difference between the corona onset and flashover voltages. Thus, at VLF/LF,
corona on

 pass a withstand test. This is one reason that at VLF/LF it is desirable to operate with the hardware 
completely corona free. 

Corona is hot plasma, which if touching can destroy most any material over time. Thus, stati
corona on the dielectric (porcelain, fiberglass, Kevlar, etc.) can cause permanent damage to the 
insulator. Corona has been known to heat porcelain enough to crack it or even melt it down. 

berglass is easily burned by corona, and once the epoxy carbonizes, it forms a conducting track that 
will eventually propagate all the way across the insulator. 

It is very common for some corona to form on water drops on the surface of an insulator. Often 
corona will form on a moving water drop and extinguish shortly as the drop either boils away or 
moves into an area with a lower field. Experience at Fore

 long as the corona is flickering or moving around. 

Acceptance Criteria  

To be acceptable, stationary corona must not form on the surface of the dielectric. This must be 
true at the maximum operational voltage and for the worst-case conditions of wind-driven rainfall. If 
stationary corona does form, the operating voltage must be limited to a level well below that at whi
this corona forms. 

RF Flashover 

ortant part of determining the wet withstand voltage, which is the main perf
tors. 

When considering the RF voltage requirement alone, it is not necessary to determine the flasho
voltage but only to determine that the flashover voltage is greater than the maximum required 
operating voltage. However, as discussed below, it is necessary to determine the location of f
arcs for both wet and dry conditions because this is involved in the acceptance criteria. If there is 
insufficient RF voltage for dry flashover testing, impulse testing is substituted.  

Procedure 

The procedure for flashover testing is the same for both wet and dry conditions. Assuming that no 
stationary corona spots occur on the insulating material, the voltage is increased in 1- or 2-dB step
until flashover or flare occurs. This is usually do
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switch and the transmitter carrier is cut off. The observer assigned to the high-voltage meter calls out 
the maximum voltage observed and this value is recorded. The observers assigned to the test object 

er and this is also recorded. The transmitter drive level is 
n. 

Once the approximate flashover voltage has been established, the transmitter drive is reduced  
4-dB, which results in a starting voltage of approximately 63% of the flashover voltage. The 
transmitter power is brought up at this level and the drive ramped up until flashover occurs. This 
procedure is similar to that specified by in standards (IEEE Std 4-1995, ANSI C29.1 1998). The 
procedure consists of the following: (1) start the flashover ramp at approximately 75% of the 
flashover voltage, and (2) ramp at a rate such that the flashover occurs not less than 5 seconds nor 
more that 30 seconds after reaching 75% of the flashover voltage. At Forestport, the ramp rate was 
set such that the flashover occurred between 5 and 15 seconds from the start. 

The flare or flashover voltage and location are recorded for at least five repetitions. The value of 
the flashover voltage for the test object is the average of not less than five individual flashovers taken 
consecutively, all within ±5% of the average value. The average is calculated from consecutive 
flashovers that occur between 15 seconds and 5 minutes apart. 

Failure Mechanisms 

There is considerable energy in the form of heat, light, and sound dissipated in a flashover arc. If 
this arc is near, or on the surface, of the dielectric, it can cause permanent damage. Flashover can be 
caused by either RF or lightning. Because it is impossible to design insulators that will not break 
down when hit by lightning, every insulator must be protected during a flashover so that the arc is 
kept well away from the insulator dielectric. Thus, guy and halyard insulators must be designed to be 
self-protecting. Protective gaps are used protect the larger insulators such as BIAs, TLITs, bushings, 
and other insulators inside the helix house by controlling the flashover path. Even so, it is highly 
desirable for these insulators to be self-protecting in case of a failure of the spark gap.  

Acceptance Criteria 

Insulator Assembly 
An insulator is acceptable if the flashover voltage is greater or equal to the required value and all 

flashover arcs are well away from the dielectric. If the flashover arc occurs on or near the dielectric 
materials, the insulator hardware must be redesigned or fitted with permanent protective gaps to keep 
the arc away from the dielectric materials. 

Protective Gaps 
The protective gap is acceptable only if the paths of all flashover arcs are well away from the 

dielectric insulating material. The flashover voltage for each gap setting is determined as described 
above using five flashovers within 5% of the average.  

RF Withstand 
The withstand test is intended to develop the service rating for the insulator. The Navy requires a 

very high level of reliability from the VLF/LF transmitter stations. For that reason, the VLF/LF 
withstand test is extended over that specified in the IEEE and ANSI standards. The withstand test is 
done after the flashover voltage has been determined.  

indicate the location of the flare or flashov
reduced 4 dB and the drive brought up and slowly increased manually until flashover occurs agai
This process is repeated until the approximate flashover voltage is established.  
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The procedures for wet and dry withstand testing are the same. However, dry flashover voltages 
for VLF/LF insulators are usually much greater than the wet flashover voltages, and for large 
insulator assemblies there is usually not enough voltage available to determine the dry flashover or 
withstand voltages. Thus, most of the VLF/LF withstand tests involve spray-wet conditions. The wet 
withstand voltage is usually 10 to 20% less than the wet flashover voltage. The wet withstand rating 
is the primary performance factor for insulator applications in VLF/LF antennas. 

Procedure 

The test cell is darkened, and the observers are positioned comfortably because this is an extended 
test. The voltage is brought up to a level approximately 5% below the flashover voltage. The voltage 
is left at this level for 60 minutes. The test object is observed for any signs of corona, hot spots, flare, 
or flashover. At the same time, the voltage is monitored and adjusted as necessary to maintain the 
starting level. If any high-voltage breakdown phenomena occur, the voltage is lowered another 
approximately 5% and the test repeated until 60 minutes of continuous operation without any 
breakdown phenomena occurs. 

The 60-Hz test standards use shorter times for withstand tests, typically 5 minutes. Experience at 
Forestport indicates that if breakdown is going to occur, it usually happens within the first 5 or 10 
minutes, and for that reason we are considering a reduction in the VLF/LF withstand test time. 

Acceptance Criteria 

The insulator is acceptable if the measured RF withstand voltage is less than the maximum 
required operating voltage. 

Temperature Rise 
Temperature rise measurements are done for both dry and wet conditions. The dry test is usually 

done first. This measures the dielectric heating of the materials in the insulator. The wet temperature-
rise test, usually conducted second, examines the field-induced heating of the water on the insulator 
surface. 

Procedure 

The insulator is placed in position in the test cell and allowed several hours to reach temperature 
equilibrium with the ambient air. Prior to beginning the heat run, the temperature on the surface of 
the insulator is measured at several key locations using a digital surface-probe thermometer. These 
locations are numbered and if necessary marked on the insulator with a marking pen. 

A thermal scanner is useful to give remote readings of the temperature of the test objects while 
energized. The scanner is set up inside the observation area and calibrated prior to starting the test. It 
gives a general idea of the location of the hot spots and the rate of temperature rise. This is useful 
information to help control the test, but it is not sufficiently accurate to use for the measured data. 

The primary method for measuring surface temperature is a hand-held surface temperature probe. 
The measurements using the surface probe can only be taken during periods when the transmitter is 
down. While the transmitter is operating, the thermal scanner is used to identify hot spots and read 
the approximate surface temperature. The test director uses the information from the thermal scanner 
to help determine the times to shut down the transmitter and make the surface temperature 
measurements. 
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Dielectric heating is proportional to frequency, and for dry testing a frequency is selected near the 
upper operating limit fo ltage, usually the 
desired wet withstand v as necessary to keep 
th  
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 thermal runaway. In this case, dielectric heating is produced by the 
electric field 
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g and corona can form on the end or edges 
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d 
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r the insulator. The transmitter is brought up to rated vo
oltage. The voltage is monitored and adjustments made 

e voltage at the rated level. The temperature is monitored using the thermal viewer and recorded
periodically (approximately every 10 minutes). The thermal viewer is used to locate the hottest sp
on the insulator. After 30 minutes, the transmitter is brought down briefly to allow a rapid 
measurement of the surface temperature at the previously selected points. At the same time, the 
observers feel the insulator to locate any other hot spots that should be monitored; when found, these 
spots are included in the measurements.  

After each set of surface temperature measurements, the transmitter is brought back up to the rate
voltage for another 30 minutes or more at the discretion of the test director. Then the transmitter is 
brought down again for another set of surface temperature measurements. This process is repeated a
least twice for a minimum test time of 3 hours. The temperature rise (∆T) of the hottest spot is 
plotted versus time and is used to determine if enough data has been gathered to accurately estimate 
the steady state temperature rise ∆T∞. It is not necessary for the temperature to actually reach the

eady state value but only to get enough data to accurately fit an exponential curve, which is then 
used to estimate the steady state value. 

Failure Mechanisms 

Dry 
There are two types of insulator failures caused by dielectric heating. The first is caused by bulk 

dielectric heating, which leads to
throughout the volume of the material. This heat propagates toward the outer surfaces, 

where it is dissipated. The internal temperature will rise to the equilibrium point where the heat 
generated by the electric field equals the heat carried away by the thermal processes. For most 
materials, the dielectric loss factor increases with temperature. Thus, as the temperature increases
condition can occur where the rate of heating increase with temperature exceeds the rate of increase 
with which heat is removed. When this happens, the internal temperature increases without limit until 
failure of the dielectric occurs. This failure mechanism is a threshold process in that when the field is
below the threshold the dielectric does not fail, but when the field is just above the threshold therm

naway occurs and the dielectric fails. 

For porcelain and polymer-concrete, dielectric heating failure usually results in melting, while 
organic materials usually burn. Often the burning occurs beneath the surface, releasing free carbon. 
Once the material carbonizes, it becomes semi-conductin

 the carbon. The carbon forms a track, which propagates slowly and will eventually cross the entir
insulator, in effect shorting it out. 

The threshold for dielectric heating failure of a material is measured by placing a fairly large piec
in a uniform electric field. This configuration corresponds to configuration where some of the 
dielectric is far enough away from the surface such that the rate that the heat can be carried away is 
determined solely by the thermal resistivity of the material. In this case, the threshold for thermal
runaway is determined solely by the dielectric heating and thermal resistivity characteristics of th
material. 

For a given insulator, the threshold field for thermal runaway is usually greater than that measure
as described above. This is because in a real insulator configuration even the deepest material is clos
enough to a surface so that there is more cooling than for the bulk case used to measure the threshold
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In addition, in a real insulator configuration, the field is not uniform, and often the deepest (m
thermally insulated) part of the dielectric has a lower field than the dielectric near the surface. 

The second type of failure involving dielectric heating results in shattering of brittle materials. T
type of failure occurs when there is highly non-uniform heating in the dielectric, which results in a 
significant temperature gradient in the dielectric. In this case, the differential thermal expansion 
induces mechanical stress. If this stress exceeds the breaking strength of the material (porcelai
breaks. For porcelain and polymer-concre

ost 

his 

n), it 
te, this type of failure results in cracking or even shattering. 

on 
e 

ecially true on insulators with smooth 
su  film 

eating is a concern. However, there is no industry standard to apply as an allowable temperature 
se, and informal conversations with Lapp insulator personnel indicated that they feel that surface 

water heating will not lead to insulator failure. 

In an attempt to verify this, some experiments were done at Forestport; boiling water was poured 
onto a small area of some porcelain insulators that had been stored outside at temperatures well 
below freezing. These insulators had no structural load. This test was extreme in that the insulators 
were completely cold and the boiling water was poured onto a small local area. All insulators tested 
in this way showed no evidence of failure. For that reason, we believe that even in cold climates 
surface water heating will not damage structurally unloaded insulators. 

However, in the past there have been many structurally loaded RF insulator failures attributed to 
surface water heating. W. W. Brown in 1923 observed and analyzed failures of this type (Brown, 
1923). Failures at U.S. Navy sites that may be attributed to surface water heating include the failures 
of suspension insulators at the Navy�s VLF station at Balboa, Canal Zone, and Jim Creek, WA, as 
well as the failure of the base insulator at the Navy�s VLF station at Annapolis, MD. In all of these 
cases, the failed insulators had heavy structural stresses imposed on them. We believe that the 
failures were most likely the result of the addition of the stress due to heating to the already existing 
structural stress. For this reason, we do not recommend using insulators that exhibit significant 
surface heating in positions having significant structural load. The surface water heating can be 

For porcelain insulators, the Lapp catalogue gives an allowable temperature rise without risking 
this type of failure. For insulators that are not structural, such as bushings and tower lighting isolati
transformers, Lapp allows a 30° C temperature rise. For insulators that are structural, such as bas
insulators, guy insulators, etc., only 20° C temperature rise is allowed. 

Wet 
Under wet conditions, some insulators can have a thin continuous surface coat (film) of water 

because of their shape and/or their material. This is esp
rfaces. When the field parallel to the dielectric surface exceeds about 2.5 kV/inch, the water

heats rapidly and the insulator surface becomes hot. If the field exceeds about 3.0 kV/inches, the 
water boils within a short time and steam forms. The rate at which this heating occurs depends on the 
water flow rate. For example, a lot of water flowing carries the heat off with it. If there is too little 
water, it boils away immediately and the heating stops. For locations with just the right amount of 
water flowing, the surface temperature of the porcelain can approach 100° C, the boiling temperature 
of water. 

If the Lapp dielectric heating criteria were applied, these insulators would not be acceptable 
because 100° C is usually greater than 30o above ambient. In fact, at locations that experience winter 
weather, the temperature rise ∆T can exceed 100o C. Since this heating is localized, a thermal 

echanical stress, which could break the material. Thus, this type of gradient results, which induces m
h
ri
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eliminated on most insulators by covering the insulating material with commercially available high-
voltage silicon coating. 

Acceptance Criteria 

Dry 
The acceptance crite ken from the Lapp 

catalogue. For insulato ting isolation 
transformers, up to tural, such as 
base i

Wet 

For structural in nt surface water 
heating on structural insulators is not acceptable and if it occurs the insulators must be coated, the 
hardware modified, or the voltage rating reduced such that this heating does not occur. 

 
e 

 the impulse test to determine the location of flashover, which may be 
di

a 
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ntennas. 

Pr
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flashover is noted. If the flashovers occur away from insulating material, the impulse voltage is 
increased further in steps until the maximum voltage available from the simulator is reached. At that 
level, a minimum of five flashovers were observed and the location of each flashover noted. The 
locations are documented with sketches and/or photographs. 

ria for the dry dielectric heating of porcelain have been ta
rs that are not structural, such as bushings and tower ligh

 30° C temperature rise is acceptable. For insulators that are struc
nsulators, guy insulators, and so forth, up to 20° C temperature rise is acceptable. 

sulators, a temperature rise of up to 20° C is acceptable. Significa

For non-structural insulators, significant surface water heating is acceptable. 

Impulse Testing 
Since VLF/LF antennas will be hit by lightning, the insulators used in them will flash over at 

times, and they must be designed to be self-protecting from both RF flashover and lightning-induced
flashover. The power industry uses impulse-withstand ratings for their insulators. However, we hav
not adopted them. Instead, use

fferent for impulses than for RF, especially for dry impulse flashover versus wet RF flashover. 

The standard lightning pulse (1.2-µs rise time by 50 µs to ½ voltage) (IEEE std 4-1995, p 20) is 
good representation of the actual lightning impulse that occurs near the base of a VLF/LF antenna. 
This is because the antennas are large structures, which filter the waveform, reducing the rise time, 
similar to power lines. For this reason, the standard-shaped pulse is used to test the large insulators 
located near the base of the antennas, such as the BIA, TLIT, and bushings. 

However, the impulse from a strike close to an insulator can have a much higher rise time than the 
standard lightning pulse. Power industry tests for lightning tolerance are not standardized, but they 
approximate a direct hit by using a �fast wavefront� impulse. This type of impulse waveform is used
to test the topmost insulators in VLF/LF antennas that are subject to nearby lightning strikes. Thes
insulators include the main top-load insulators of umbrella top-loaded monopoles, suspension 
insulators for valley span antennas, or halyard insulators for the other types of a

ocedure 

The insulator assembly is mounted in the test cell and connected to the lightning simulator. The 
observers are positioned and mirrors put in place as necessary to enable observation of both sid
the assembly. The room is darkened and a few minutes given for the observers� eyes to adapt to the
dark. The lightning simulator is activated, applying pulses with increasingly greater voltages. 
Eventually a voltage is reached where the insulator assembly flashes over. The location of each 
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Failure Mechanisms 

One failure mechanism is the same as that described under RF flashover where the arc of the 
fl

 

 and continues to drive the arc(s) that were started by the lightning or 
st

 

c consists of very hot plasma and will destroy the dielectric if allowed continuous 
contact. 

 had 

lashover 
tion of the flashover initiation must be known. 

T t and 
 

ns 
e 

ashover is near or on the surface of the dielectric material. A fast wavefront (high rise time) pulse 
can lead to a flashover in a different location than RF flashover, and both should be measured. 

If the rise time of the pulse is fast enough, there is the possibility of a second failure mechanism 
involving dielectric breakdown (puncture). The voltage for puncture is usually considerably greater 
than flashover. However, puncture occurs very fast, and if the voltage is high enough, the puncture 
can occur before the flashover in air. For this reason, the tests on insulators that could experience a 
nearby or direct lightning strike are conducted with the highest voltage and rise time that can be 
simulated. 

One other failure mechanism involves the combination of RF and lightning-induced impulses or 
static discharge. This type of failure only occurs when there is more than one insulator in series, such 
as guy breakup insulators. In this case, a lightning impulse or static buildup can cause one or more of
the insulators in the series to flash over. If all the insulators in the string do not flash over, the 
transmitter may not kick down

atic buildup. These arcs do not require much current to sustain them. This current is supplied 
through the capacitance of the cables attached to the insulators. Once triggered by the lightning, these
arcs can go on indefinitely. The amount of power in each arc is a few kilowatts, which is small 
compared to the normal transmitter power, and the transmitter protective circuits normally do not 
activate. The ar

A true test of this phenomenon involves using the transmitter to generate high RF voltage while at 
the same time inducing a lightning impulse across the insulator assembly. We have not yet done such 
a test at VLF/LF. It has been done at 60-Hz test facilities, and we believe it can be done at the 
VLF/LF HVTF. However, it will take some special rigging, hardware, and more space than we
in the Forestport test cell. Instead, a different test was designed that accomplished the same thing. 

For this test, a small wire electrode attached to the insulator hardware was used to trigger f
at the appropriate location. In order to do this, the loca

wo insulators were connected in series for this test. One of the insulators was the one under tes
was induced to flash over. The capacitance of the second insulator had the function of limiting the
arc current; otherwise the transmitter would kick down. 

One such test setup is pictured in Figure 5-29 testing a Lapp Compression Cone insulator of the 
type that failed at the Awase LF transmitting station. In this case, lightning had triggered arcs, which 
the transmitter drove, resulting in insulator failures. For this test, a very fine wire was used to trigger 
RF flashover. The wire was placed in an appropriate location to trigger the arc based on observatio
in the field. The wire was fine enough that it quickly burned away in the arc. For this test, the wir
initiated the arc, which was then driven by the transmitter. The arc was contained inside of the 
porcelain and heated the porcelain so that within a few minutes the porcelain cracked. The same 
phenomenon at the operational station caused the porcelain in the insulators to melt and fall away 
from the insulators. 
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Figure 5-29.  Lapp compression cone insulator with arc triggered by wire. 

A third form of failure involving lightning has been experienced at operating stations. This ty
failure occurred with insulators that have fiberglass bands as strength members. These bands ar
immersed in oil contained in a porcelain shell between two end caps. An air bubble is included to 
allow for thermal expansion of the oil. The failure resulted for cases in which the air bubble 
uncovered the fiberglass band. In that case, lightning impulses caused internal flashover, resulting in 
some carbonization of the epoxy in the fiberglass band. Then the presence of the high-voltage RF 
caused the carbonized portion of the dielectric to slowly track across the remainder of the band, 
causing the insulator to fa

pe of 
e 

il. The only real way to test for this is to apply an impulse at the same time 
e insulator is energized with high-voltage RF. Again, we have not done such a test. An alternative 

is to test the insulators with a very high-voltage fast-wavefront impulse and then take them apart 
afterwards to look for burning of the dielectric. 

Acceptance Criteria 

Insulator Assembly and Protective Gaps 
The insulator assembly is acceptable if all flashover paths form well away from the dielectric 

insulating materials. 

th
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Appendix 5A  Forestport Background 

The VLF/LF high-voltage measurements described in this book were made at the U.S. Navy�s 
ltage Test Facility (HVTF) located at Forestport, NY. The site, on the edge of 

A

 

 kW. The Navy was the primary developer for 
the Om

 
 in the VLF/LF transmitting antennas. Unfortunately, this approach 

ignored the d 60 Hz and VLF/LF that had been observed 
experimenta d others. Partly due to this, there was a series 
of spectacul  in the early 1970s. These failures involved 
newl

 

broadcast, and the Cold War was in full swing. The insulator failures took these stations off the air 
as readily available. To find a solution, the Navy did an extensive 

f 

 acceptance testing at frequencies in the range of application (Smith, 1982). 

The use of operational transmitters for testing was not acceptable to the Navy, and it was dec
 seek a permanent location for a VLF/LF high-voltage test facility. In late 1977, the Navy, in 

conjunction with the Air Force, agreed to transform the Forestport facility into a small-scale VLF/LF 

In 1978, to ge testing at Forestport, a 25-foot-wide by 40-foot-long by 25-foot-
gh s c ll was se. A large hole was cut out in the wall between 

. In addition, the transmitter building 
was expanded by the addition of a new wing, and the electrical power was upgraded both to the 
transmitter building and the helix house. The existing 100-kW VLF/LF transmitter was used as the 
radio frequency (RF) power source. The high-voltage circuit was made up from the original pie-
wound helix in conjunction with a series-parallel set of mica capacitors. This tuned circuit was 
capable of developing volta ange (Brooks, 1997). 

Breakdown is a nonlinear process and one lesson learned from the tests was that direct scaling 
could not be used to predict the performance of high-voltage insulators. For example, doubling the 
size of the insulator assembly does not double the breakdown voltage. As a result, full-scale testing 

VLF/ LF High-Vo
dirondacks National Park, consisted of 183 acres of leased land controlled by the Air Force since 

1950. The Air Force constructed this facility in the early 1950s as a test bed for LORAN C and the 
RADUX/ Omega navigation systems. The facility had a 1200-foot base-insulated tower with a helix
house that contained the tuning and matching systems necessary for VLF/LF transmissions. The 
transmitter (AN/FRA-31) was constructed by Westinghouse and was capable of operation from 10 
kHz to over 50 kHz at a nominal power level of 100

ega navigation system and used Forestport as a test site for its development. Following the 
development of the Omega system, the facility served as an operational Omega station from 1968 to 
1972, when the LaMoure, ND, Omega transmitter replaced it. The Forestport facility then went back 
to the Air Force for research use. A brief history of the test facility is included as Appendix 5B. 

Until about 1972, the Navy and Air Force used 60-Hz standards for specification and acceptance
testing of the insulators used

ifference in performance between 
lly in the early 1920s by Brown (1923) an
ar insulator failures at Navy installations

y installed insulators at the transmitting stations in Annapolis, MD, Lualualei, HI, and LaMoure, 
ND. The insulators for these sites had all been accepted based on 60-Hz criteria, but had failed when
operated at VLF (Smith, 1982). 

The impact of these failures was severe. Annapolis and Lualualei carried the strategic submarine 

indefinitely, and no solution w
investigation of insulator performance at VLF, using temporary setups at Chollas Heights and 
Lualualei, both operational transmitters from 1972 to 1976 (Smith 1973). An important conclusion o
these investigations was that high-voltage insulators for applications at frequencies at least up to LF 
should be subjected to

ided 
to

test facility to support their VLF/LF broadcast systems. 

support high-volta
hi te t e  added beside the existing helix hou
the helix house and the test cell to allow access between them

ges on the order of 125 kV rms in the VLF/LF r
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was required, and higher voltages were needed to thoroughly test the insulators to be used at 
op 1981. There were two phases 
of the upgrade. The goal of the first phase was to achieve 250 kV rms at 30 kHz. The pie-wound 

lix was replaced with a solenoidal-wound helix design perate at higher voltage. The m
ade

ltage. The capacitor stack was configured to all a rapid change between the connections 
quired for 30-kHz and 60-kHz testing.  

The dissipation limit of the capacitors was exceeded as frequency increased above 40 kHz at 250 
. T  of  was to increase the frequency range that could be 

2 -kV  capacitor was 
sig  f r u nt of the archway 
twe n t  h the feed line to extend directly from the top of the 

ed line with a universal joint and sliding extendable 
rom e to  co nected anywhere within 

the test cell (Smith, 1980). Following the completion of this upgrade, a plan was developed for a 

Following the collapse of the Soviet Union and the end of the Cold War, there was a lot of 
cast 
This 

d 

 
itter, helix, and capacitor stacks, were moved to the Navy�s 

ng reconstructed. 
 

 

erational sites. That led to a site upgrade that took place during 1980�

he ed to o ica 
capacitor stack was also replaced with a stack m  up of oil-filled capacitors designed for the higher 
vo ow 
re

kV he goal the second phase of the upgrade
used for 50  tests up to 60 kHz. To accomplish this, an indoor air variable
de ned o se at the higher frequencies. This design necessitated enlargeme
be e  he elix room and the test cell to allow 
helix to the test cell. At the same time, a 6-inch fe
(t bone) section was constructed that allowed the high voltag  be n

500-kV facility, but it was never built (Smith, 1986). 

pressure to reduce U.S. military costs. The Air Force had decided to close down their LF broad
system, which had been used for strategic communications to bombers and buried missile silos. 
made it too expensive for the Navy to maintain a high-voltage test facility separate from any other 
Navy facility. For this reason, it was decided to close down the site at the end of fiscal year 1998 an
move it to the Navy�s transmitting site at Dixon, CA. Prior to the move, a final series of experiments 
was done during the winter of 1996�1997. During that time, considerable corona onset data were 
obtained, including the measurements of the effect of air density and humidity. Following the 
completion of these tests, the Forestport site was closed and dismantled. The high-voltage generation
equipment, including the transm
transmitting site at Dixon, CA, where the VLF/LF HVTF is in the process of bei
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Appendix 5B  History of Forestport 

The Forestport Research Facility Clos ith a B

by 

 Tucker, Information Directorate, AFRL 
Wayne Bonser, Information Directorate, AFRL 

Paul Vanderhoff, Realty Officer, AFRL Rome Research Site 
Peder M Hansen, NRaD (Naval Command, Control and Ocean Surveillance Center)*

William Cheyne, Rome arch ratio
tire er R  Air Development Center 

 

The F  history slightly predates Air Force research presence in the 
Rome, rea, was closed and its landmark tower demolished in 1998. The facility 
consisted of three buildings and a 1200-foot transm  ante er. T l chap  the 
�Tower at Forestport� was written by the U.S. Arm th Mountain Division on 21 A 998. At 
approxi st Engineer Battalion�s, 2nd Platoon, Bravo 
Compa xplosives to lay the 1200-foot tower on the ground. Thus ended 
the tow vigation and communication research serving the strategic 
defense of the United States. 

Engin con Steel Company of Youngstown, OH, 
designe ng in 1948. Truscon Steel fabricated the tower�s structural steel. The 
Beasly onstruction Company of Muskogee, OK, and Wickes Engineering Company of Camden, 
NJ, erec  months to complete. It reached its full erected height of 1210 feet 
on 13 D At that time, only the Empire State Building (1250 feet) exceeded the tower 
in heigh The structural steel weighed 7 ns and 0 cub ds of c te wer or the 
base fou ir lding t er ere top 
guys we  2.5-inch diameter steel cable. 
The tow d 150 mile per hour winds with only a 7-foot top sway. During 
constru gn of the incomplete tower to winds 
of 105 m with no damage. The entire tower sat on three ceramic insulators. The guy 
wires ar round. At the very low frequencies (VLF) transmitted from 
this fac e tower itself is the transmitting element of the antenna system.  

The t vel and 
no toplo r Force to be used in the development of 

ong Range Radio Navigation (LORAN C), which was originally to operate at 180 kHz. The 
restport antenna tower was modified by 

jum ost guy level to provide (in effect) a topload. The antenna 
the uency slightly above the 100 kHz LORAN C operating frequency. During 

                                                  

es w ang 

Raymond W

 Rese
ome

 Corpo n 
Alfred Paoni (re

orestport Research Facility whose
New York, a

d), form

itting
y�s 10

nna tow he fina ter of
pril 1

mately noon, as part of a training exercise, the 41
ny, used 320 pounds of C4 e
ers almost 50-year history of na

eers from Watson Labs of Red Bank, NJ, and Trus
d the tower beginni
C
ted the tower, which took 4
ecember 1950. 
t. 
ndation and guy wire anchors. There were 18 guy w
re anchored 1100 feet from the tower base and fabricated from
er was designed to withstan

ction, on 25 November, a freak hurricane tested the desi
iles per hour, 

72 to  140 ic yar
es ho

oncre
he tow

e used f
ct. The 

e also electrically insulated from g
ility, th

ower was somewhat unique in that it had only three guy levels with six guys at each le
ad. The facility was originally constructed by the Ai

L
operating frequency was later lowered to 100 kHz. The Fo

pering the first insulators in the upperm
n resonated at a freq

 
* Now called Space and Naval Warfare Systems Center, San Diego (SSC San Diego). 
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those days, there was no high-power transmitter installed and the facility was used for low-power 
research operations only. 

Later, the facilit was to be used as an experimental site for two new ny avigation systems, Omega 
and Radux. Omega originally operated at 10.2 kHz and Radux operated at 40 kHz. The U.S. Navy, 

r 
40  th lled 

ment included a large 

y m
vy's boa was moved to Trinidad, and the 

ll-
as 

De il 
aii and later moved to Washington, DC in 

January 1975. 

Over time, other stations were added, Trinidad was moved to Liberia, but Forestport remained on 
the air as an operational Omega station until October of 1972. It was replaced by the La Moure, ND, 

e Air Force for use 
 an a i o t sites. They were: 

D; H y; Australia; 
Argentina; and LaReunion Island. With these eight sites, 24-hour, worldwide, all-weather navigation 
was available. The U.S. Coast Guard Navigation Center terminated Omega operation on 30 
September 1997 after 26 years of continuous service. 

Meanwhile, the Air Forc nown as the 487L 
Strategic Air Command Survivable Communication System and had installed a transmitting and 
receiving suite at Forestport during 1969 and 1970. The transmitting system was not used due to 
Omega operations until after 1972. After that, it was used by the Air Force for various R&D 
activities related to LF communications, including a system known as BRAVERT for location of 
downed flyers, tested during 1973-74. The 616 A modem, used for the MEECN (Minimum Essential 
Emergency Communication Network) system was developed by the then Rome Air Development 
Center�s Communication Division in the 1970s. MEECN was designed as the last resort 
communication system for positive force control of our nuclear bombers. Because of its ground 
wave, it is capable of reaching any point in the world without reliance on ionospheric reflection, 
which would be disrupted in the event of nuclear war. Forestport was used during the late 1970s for 
development and testing of dynamic antenna tuning circuitry, which enabled direct sequence, spread 
spectrum signals to be transmitted, at high powers, using the intrinsically narrow bandwidth (High-
Q) VLF tower. Forestport also became the first VLF fixed-location to have its transmissions remotely 
initiated and controlled via telephone and microwave signals from great distances. The last Air Force 
use of the tower and VLF transmitter was in support of the Miniature Receive Terminal SPO at 
Electronic Systems Center, Hanscom AFB, MA.  

through the Naval Electronics Laboratory (NEL) (which later became NELC, NOSC, NRaD, 
NCCOSC and now SPAWAR Systems Center) was the developing agency. A 100-kW transmitte
covering 10 to kHz, e AN/FRA-31, was procured from Westinghouse by the Navy and insta
at Forestport, commencing operations in November 1959. The procure
(approximately 15 feet in diameter and 30 feet high) �Pi� wound porcelain frame helix loading coil 
for tuning the antenna down to 10 kHz. The Forestport facility was involved in experimental trials of 
the Radux-Omega/Omega system along with other sites. 

Originall , O ega testing was done with three transmitters, one at Forestport, one in Norway, and 
one at the Na  site in Balboa, Panama. As time went on, Bal
Navy's station at Haiku (Oahu, HI) was converted to Omega. Omega went operational in September 
1968 with these four stations. 

The U.S. Coast Guard became involved with Omega during 1966. The U.S. Navy authorized fu
scale implementation of the Omega System in 1968. At that time, the operational responsibility w
turned over to the U.S. Coast Guard's specially formed Omega Navigation System Operations ta
(ONSOD), which was first located on the island of Haw

site, which had been built by the Navy. At that time, Forestport reverted back to th
as  R&D f c lity. The Omega system in its final configuration consisted f eigh
La Moure, N aiku, HI; Tushima, Japan; Monrovia, Liberia; Noveken, Norwa

e had developed a VLF communications system k
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In approximately 1983, the U.S. Navy and the Air Force worked out a joint agreement to develop 
and use the Forestport facility as a VLF/LF high-voltage test facility. Following this agreement, a 
high-voltage test cell was constructed adjacent to the existing helix house. A new helix and capacitor 
stack was constructed to make a high-Q, high-voltage circuit for generating high voltages for testing. 
The Navy and Air Force shared in supporting the support the facility and the information gathered, 
although the Navy primarily supported the high-voltage capability. 

In about 1990, the Air Force decided to close their LF sites over a period of time. At that time, they 
started reducing their support for the Forestport facility; they stopped supporting it around 1992. The 
last site at Silver Creek, NB, was closed in September 1996. The Navy continued to use the 
Forestport facility for high-voltage testing, but it became increasingly expensive to operate a separate 
isolated facility for this purpose. A decision was made to move the HVTF to the Navy's radio 
transmitter facility at Dixon, CA. Preparations were made at Dixon, and Forestport was operated 
until February 1997. At that time, the high-voltage portion of the facility was dismantled and 
transferred to the Navy at Dixon. 

The remaining equipment at the facility was redistributed to other Air Force and Navy projects, 
and the facility was turned over to caretaker status. One large piece of equipment remained, the 
1200-foot tower. It required continuous maintenance to assure its mechanical integrity and to 
maintain the aircraft warning lights needed to prevent collisions. With no future R&D need, the 
decision was made to  had been hoped that 
the tower, which was in e
another location, and indeed it was sold at auction to a bidder with that end in mind. Unfortunately, 
that bidder defaulted on his purchase. No other bidders were interested in removing the standing 
tower. 

It was decide a 
standing to

k, 

police, fire, ambulance and highway departments was accomplished to bring the tower down 
ccessfully on 21 April 1998. The 772 tons of scrap steel were sold to CAP Scrap Metal, Frankfort, 

NY, for recycling.  

sell the tower and have it removed from AFRL property. It
xcellent mechanical condition, could be sold, dismantled, and reused at 

d that the tower would be more valuable as scrap steel on the ground than as 
wer. AFRL's Realty Officer worked with the 10th Mountain Division to conduct a 

demolition training exercise, using the tower as the target. Coordination with the State of New Yor
the counties of Herkimer and Oneida, the towns of Forestport and Ohio, Niagara Mohawk Electric 
Power, 
su
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Appendix 5C  Litz Wire Current Limits 

ich is insulated. The 
 that any strand can occupy essentially any possible position within 

me and the current is 
equally distributed. Use of this type of wire reduces skin effect and proximity effect loss so that the 

 the same as the dc resistance. This type of wire is used at VLF and LF to make 
ve

ns for Litz r 

ble. The cable is usually coated 
with some form of insulation. The designation for Litz usually consists of a series of numbers 

ecifying the size and number of strand  of bundles. For example t
eans 

40 no. 38 wires per small bundle, 
10 small bundles per larger bundle, and 
3 larger bundles make up the cable. 

This particular Litz cable has a total of 3 x 10 x 40 = 1200 strands of no. 38 wire. In many cases, 
e Litz cable is hollow and filled with jute o ther no conducting fiber. Sometimes the 

individual bundles are hollow. Figure 5C-1 gives some example Litz cable cross-sections. The New 
talog shows seven different types of Litz cable construction. 

ated piece of Litz 
cable can be derived 

BACKGROUND 
Litz cable is composed of a large number of fine strands of wire, each of wh

strands are woven in such a way
the cable with equal probability. Thus, the inductance of each strand is the sa

resistance is nearly
ry low loss inductors having Qs as high as 3500. 

There are several configuratio  wire. Usually, several bunches of straight, small-diamete
strands are twisted together to make bundles. Then some numbers of bundles are woven to make 
larger bundles, and the larger bundles are woven to make the final ca

sp s per bundle and the number he 
notation 3/10/40/38 m

th r some o n-

England Electric Wire Corporation ca

RESISTANCE FORMULAS 
Based on formulas given in (Watt, 1967) and assuming that the individual strand diameter is less 

than four skin depths, the following formula for the ac resistance of a straight isol

  
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

0

1
f
fRR dcac   (5C-1

  where =acR Resistance of Litz cable at frequency f, 
     f      = frequency, 
     dcR  = dc resistance of Litz cable, and 
     f    = breakpoint frequenc

2

) 

y for the Litz cable. 0
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Figure 5C-1.  Various litz cable configurations. 
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The breakpoint

  

 frequency for any particular Litz cable is given by 

3
0

0
48.76

dn
d

f
⋅
⋅

=    Hz (5C-2) 

  or 

  
0

0
48.76

ddP
f

⋅⋅
=    Hz  (5C-

  where 0f  = breakpoint frequency (Hz), 
     0d  = outside diameter of copper portion of Litz cable (inches), 

3) 

         = strand diameter ( inches ), 
= total  number of strands, and 

Litz construction. The Litz of example 5, Table 5C-1, was 
chosen for one Omega transmitter helix and has strands about 16% longer than cable length (ibid). A 

increase for the first bundle plus an 8% increase for each additional full 
w sists 

e 5/23/33       2% 
Plus         6 Hollow     7% 

d
     n  
  

  
   P    = Packing factor = area of copper/total area = nd / 0d . 

Note that the maximum value of the packing factor for filled Litz appears to be about 0.55 based on 
measurements of a few examples. (See Table 5C-1.) 

The value of 0f  given by equations 5C-2 and 5C-3 is for a straight run of Litz cable. The DC 
resistance dcR  of Litz cable must account for the additional length of the copper strands due to 
spiraling. (Hanselman, 1972) gives a procedure for doing this. The additional length of copper can 
vary considerable depending upon the 

2 2

rule of thumb is a 2% 
rapping and a 7% increase for each additional hollow wrapping. Note that the first bundle con

of the several twisted bunches. 

By this rule of thumb, the extra length of example 5 from Table 5C-1 would be 

1st bundl

Plus       15 Hollow     7% 
Total                         16%  
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Table 5C-1.  Example Litz cables and their corresponding parameters. 

Cable description + 
d 

* 

0d  P 0f (kHz) 
** 

maxI  

1.
 3/

3.965 .203 .4578 207.6 37.1 

10/40/38 full  
 
 (1

(18.9) 

200 strands) 

2.
3/

 
(6

 .131  267.9 
  

10/20/38 full  

 
00 strands) 

3.965 .5497 21.1 
(9.4)

3.
 5/
3/40/36 full 
 (6
00 strands)  

5.0 .176 .4842 179.5 30.8 
(15) 

4.
 2
0/13/60/33 hollow  
 
 (1
8,200 strands) 

7.08 3.0 .1014 35.5 993 
(912) 

5.
 1
5/6/5/32/33 hollow  
 (1
4,400 strands) 

7.08 2.4 .125 35.9 887++ 
(721) 

 
* Inches, not including outer insulation 
+ mils 
** amps rms 
Note the values in parentheses are ratings based on 1000 circular mils per ampere. 
++ Using strand length-to-cable length ratio based on calculations of (Watt, 1967). The calculation 
in (Hanselman, 1972) indicates the value should be 15.9%. 

 

The length increase for Litz no. 3 (Table 5C-1) would be 

3/40/36           2% 
5 full               8% 
Total             10%. 
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Figure 5C-2 shows a plot of Equation 5C-1 for fixed cable and strand diameter. Below , the Litz 
resistance is approximately the same as the dc resistance. At , the resistance is equal to twice the dc 
resistance. Above , the resistance goes up as the square of frequency. 

Figure 5C-3 is a plot of equation (5C-1) for various values of packing factor with fixed d and . 
Note that both and  vary inversely with P. Given a cable and strand diameter, Figure 5C-3 
shows that for frequencies below the filled Litz breakpoint frequency , the dc resistance 

dominates, and the minimum resistance is obtained with filled Litz. This minimum approaches 
(see , Figure 5C-3). For frequencies above the filled Litz breakpoint frequency, the proximity 

inates, and the minimum resistance occurs at a packing factor less than 1, such that at that 
y  2 . (See , Figure 5C-3.) 

An example plot of  versus P is given in Figure 5C-4. It shows that in the frequency range where 
dc losses domi inimum  occurs when the packing factor is a maximum, corresponding 
to filled Litz. In the region where proximity losses predominate (above ), there is an optimum 
packing factor giving a minimum for . The minimum value of  in this region is twice . 
The packing factor for minimum  in this region is: 

  

0f

0f

0f

0d

dcR 0f
 off

dcR  

1f
effect dom
frequenc  =acR dcR 2f

acR
nate, the m  acR

0f
 acR acR dcR

 acR

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

f
f

P of55.min  

  where the packing factor for filled Litz has been assumed to be 0.55, and  
      is the filled Litz breakpoint frequency for a given d and off 0d . 
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Figure 5C-2.  Normalized Rac versus fre

 

quency. 

 

Figure 5C-3.  Normalized Rac for various packing factors. 
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Figure 5C-4.  Normalized Rac versus packing factor for both frequency regions. 

Similarly, in the proximity effect region, it can be shown that the minimum resistance is given by 

  ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

of
dcf f

fRR 1.1min  

  where  is the dc resistance for a filled Litz with diameter 

If the Litz is used to make a solenoidal inductance, Equation 5C-1 still applies, but the breakpoint 
frequency must be reduced by the appropriate factor R, which depends on the geometry of the 
solenoid, i.e., 
  

dcfR 0d . 

=bf  R 

  where  is breakpoint frequency for straight Litz, and  
      is breakpoint frequency for Litz in a solenoidal coil 

The factor R is given in Figure 5C-5. 

0f  

0f

bf
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Figure 5C-5.  Frequency reduction factor R for solenoidal inductors.  
* For values of u see Watt. 

EXAMPLES  
1. There is a coil at SSC San Diego built by Lloyd Hansen that has the following parameters: 

  Litz     5/3/40/36 (full),  = 1.176 in.,  = 179.5 kHz (Example 3, Table 5C-1) 

Coil 

  N = 220 number of turns 
  D = 12 1/8 in. avg diameter 
  L = 55.5 in. length 
  S = 0.25 in. turn spacing 

Measured 

 l  = 3.0 mH inductance 
  Q  = 488 @ 22.5 kHz =>  = 0.869 ohm 
  = 0.54 ohm  

For this particular coil 

  

0d 0f

acR

dcR

D
L   = 4.6            42.1

0
=d

S  
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Hence from Figure 5C-5, R = 0.58 and thus  = 104 kHz. 

  

b

,539.0=R  calculated using 10% for strand length increase. 

f

dc

  At 22.5 kHz 

  acR    =   dcR   
⎪⎭

⎪
⎬
⎫

⎪
⎪
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛+

2

104
5.221      

⎩

  

f 

and 

acR    =   0.539 x 1.047   =  0.564 ohm calculated. The difference between calculated and 
measured resistance is probably due to contact resistance and external eddy currents. 

2.  The triple deck coupling variometer at Cutler consists of three variometers in parallel. One unit o
this variometer uses 242 feet of Litz no. 4 from Table 5C-1, and has an estimated L/D ≅  1 and S/ 0d  
≅  2. Thus, by calculation 

  0f   =  35.50 kHz 

  bf   =  27 kHz. 

  dcR  for one of the three parallel units is 0.00319 ohm calculated using a 16% strand length 
increase factor, and the ac resistance is 

  acR  = 0.00319 
⎪⎭⎪⎩ ⎠⎝ 27

Since all three units are in parallel, 

  acR   =  

⎪
⎬
⎫⎪

⎨
⎧

⎟
⎞

⎜
⎛+

28.171  =  0.00458 ohm 

3
0458.0   =  0.00153 ohm. 

If this number were doubled, as an outside limit for eddy current losses in the helix house walls and
contact resistance, then ≤acR  0.003 ohm total. A realistic estimate would be acR  = 0.002, which 
gives a Q on the order of 2000. 

 

CURRENT LIMIT 
If the Litz cable configuration and the operating frequency are such that operation is at or below 

the breakpoint frequency, then dcac RR 2≤ . For this case, a simple formula for the current limit can 
be derived if by assuming that 0.25 W/sq in. surface area can be dissipated safely *, and using 
12.33% increase of strand length over cable length due to spiraling: 

  maxI  = 600 d ( n 0d ) 2
1

A rms   (5C-4) 

                                                   
* Private communication with Andy Smith and Jim Hanselman indicates that this is a good design criterion. 
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  or 

maxI  = 600 ( )  23
0d21

P    A rms   (5C-5) 
  or 

   = 600 maxI ( )
( ) 2

1

2
32

P

nd
 

  

T ble long-term currents calculated with the above formulas are given in Table 
5C- le Litz cables. Note that these limits apply only below the reduced breakpoint 
freq y his frequency, the maximum allowable current drops rapidly. 

DESIGN FOR MAXIMUM CURRENT 
In (Watt, 1967) a design criterion is mentioned whereby 1000 circular mils of copper per ampere 

are t for the five examples given this method would 
giv a r ng, especially for the smaller cables. This rating method does not have 
universal application since it does not take into account the cable geom

his 
ss than 

 changes from 0.1 to 0.55. 

ecreases 
mited operation at the upper end of the VLF 

band often has this type of variation. 

or the Cutler triple deck variometers using Litz no. 4 from Table 5C-1 would 
ha it 

 

where d and 0d  are in inches. 

he maximum allowa
1 for some examp
uenc . Above t

 employed. From Table 5C-1, it can be seen tha
e  ve y conservative rati

etry. For example, a filled 
Litz containing the same amount of copper as no. 4 in Table 5C-1 would have the same rating by t
technique. However, from equation 5C-6 it can be seen that the rating should be reduced to le
half, since P

The actual current limit, using the 0.25-W/sq in. criterion, increases as frequency falls below the 
breakpoint. This fact can be used to reduce cost of designs where the current requirement d
with increasing frequency. Antenna current for power-li

The current rating f
ve a current rating of 3 x 993 = 2979 A at 27 kHz (three units in parallel). However, at 17.8 kHz 

should handle 1.39 times that amount, or 4141 A rms, considerably more than the 2500 A required
for 1 MW antenna input power. 
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Appendix 5D  Capacitor Stack Configuration 

INTRODUCTION 
This appendix discusses the configuration of the capacitor stack. The high-Q tuned circuit consists 

of an inductor (helix) and a capacitor. The capacitor must have the appropriate voltage and current 
ratings matching the helix and the correct capacitance to resonate the helix at the desired frequencies. 
Since capacitors usually are manufactured as small units, many of them need to be connected 
together as a series-parallel set to form the required capacitor. This combination of capacitors is 
sometimes called the capacitor stack.  

CAPACITORS 
Each individual capacitor has a fixed voltage and current rating. The VA rating of a series-parallel 

combination of capacitors is equal to the sum of the ratings of the individual capacitors. For example, 
by putting two capacitors in parallel, the capacitance doubles as does the current rating but the 
voltage rating remains unchanged. Thus, the VA rating is doubled. For two capacitors in series, the 
capacitance is half but the voltage rating doubles while the current rating remains unchanged. Again 
the VA rating is doubled. By using four capacitors, two stacks of two in parallel, the capacitance is 
the same as an individual unit and both the voltage and current rating are doubled, thus increasing the 
VA rating by a factor of four. 

STACK VA RATING 
The VA rating for the capacitor stack is the VA rating of the individual capacitors times the 

number of capacitors. The VA rating of the capacitor stack should be the same as the rating for the 
helix, otherwise the one with the smaller rating becomes the limiting component. The Forestport 
capacitor stack had the smaller VA rating and was the limiting component for most operations at 
Forestport. 

STACK CONFIGURATION 
A given number of individual capacitors can be configured in many different ways to provide the 

overall tuning capacitance for the high-voltage circuit. Selection of the capacitor stack configuration 
requires consideration of the individual capacitors available, their voltage and current ratings, and the 
total value of capacitance needed to add to the circuit to resonate with the inductance of the circuit at 
the desired frequency. 

Some insight into the capacitor distribution design  examining the 
m

e 

ting 
 an 

problem can be obtained by
aximum voltage that can be achieved by the Forestport tuned circuit for various capacitor 

distributions. In order to do this, we must consider each parameter that limits the voltage. There are 
four limits to consider. The first two are the overall voltage limits for both the helix and the capacitor 
stack. The other two limits are voltages that occur at the maximum allowable currents for both th
capacitors and the inductor. 

The helix voltage limit at Forestport was approximately 300 kV, independent of the capacitor 
distribution. The capacitor voltage limit is equal to the number of capacitors in series times the ra
of the individual capacitors. At Forestport, the stack was 51 high for most configurations, giving
extended rating of 306 kV.  
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The maximum voltages as determined by the current limits are frequency dependent. These limits 
ar

e 

.  Forestport tuned circuit voltage limits at resonance.  

e calculated at the resonant frequency (capacitive reactance equals inductive reactance). The helix 
current limit at Forestport is nominally 150 amps based on the Litz wire. The current limit of the 
capacitors is determined by the number of capacitors in parallel times the current rating of an 
individual capacitor. For both these cases, the corresponding maximum voltage due to the current 
limit is equal to the maximum allowable current times the inductive reactance (equal to the capacitiv
reactance). The corresponding voltage limits are summarized in Table 5D-1. 
 

Table 5D-1

Limiting Parameter Parameter Value 
Forestport 

Calculated Voltage 
Limit 

Voltage Limit at 
Forestport 

Helix Voltage 300 kV 300 kV 300 kV 

Helix Current 150 amps V = 150 ⋅Xc Freq dependent 

Capacitor Voltage 6 kV/cap V = 6⋅m      * 306 kV 

Capacitor Current 20 amps/cap V = 20⋅n⋅Xc     ** Freq dependent 
*  m = stack height number of capacitors 
** n = number of capacitors in parallel 

 

One aspect of the design problem for the capacitor distribution can be illustrated by plotting the 
maximum voltage versus frequency for the various possible capacitor configurations. These voltage 
limits have been calculate  255 of the plastic 
capacitors, distributed with from one to eight capacitors in parallel. The stack height is selected such 
th n the 

A plot of this voltage limit is given in Figure 5D-1. Note that the points on the figure are discrete 
bers of parallel capacitors are allowed. However, the points have been 

igure to facilitate identification of the different cases. In the figure, the integer next 
to ata 

onsists 

aximum achievable voltage of 300 kV rms. 

d using the Forestport helix and a nominal value of

at the total number of capacitors is the integer closest to 255, the actual number of capacitors i
Forestport stack. The calculated voltage limits have been plotted for two different helix 
configurations. The first helix configuration is when all the turns are included (Max L), and the 
second is where only the top 39 turns are included (Min L). 

in that only integer num
connected in the f

 the data points indicates the number of parallel capacitors for that data point. For example, the d
points with the �5� next to them correspond to the actual case at Forestport, where the stack c
of five capacitors in parallel.  

All four voltage limits are represented in Figure 5D-1, but it is important to understand that the 
actual limit is the lowest of the four calculated limits. The four limits for the case of maximum helix 
inductance are represented by the four upper leftmost curves in the figure. For this case, the figure 
shows that the capacitor voltage limit is lowest for small numbers of parallel capacitors. When the 
number of parallel capacitors reaches five, the capacitor voltage limit and the helix voltage limits are 
approximately equal at about 300 kV. For configurations with five or more capacitors in parallel, the 
helix voltage limit determines the m

5D-2 



VLF/LF High-Voltage Design and Testing  Appendix 5D  Capacitor Stack Configuration 

Forestport Helix - Circuit Voltage Limits
For various configurations having a nominal 255 capacitors

(Intiger => # of capacitors in parallel)
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Figure 5D-1. Voltage limitations for various capacitor configurations, Forestport helix. 

For a fixed total number of capacitors of the same size, the total capacitance of the stack increases 
as the number of parallel capacitors squared (n2). The resonant frequency of the circuit is inversely 
proportional to the square root of capacitance. The combination of these two things results in the 
resonant frequency being approximately proportional to the inverse of the number of parallel 
capacitors. Thus, for a fixed number of capacitors, lower resonant frequencies can be achieved by 
placing more capacitors in parallel. However, this reduces the height of the stack and thus the 
maximum voltage the capacitors can support. 

It can be seen from figure 5D-1 that for the lowest frequency, the highest voltage that can be 
developed for the Forestport helix occurs when the inductance is maximum. The corresponding 
configuration of the 255 capacitors has five capacitors in parallel. This is an optimum design in the 
sense that the voltage limits for both the helix and capacitor stack are nearly equal. This is the reason 
that capacitor configuration was chosen for the Forestport high-voltage circuit. The calculated 
resonant frequency for this configuration is approximately 35 kHz. The actual resonant frequency 
was closer to 30 kHz when testing due to the additional capacitance of the high-voltage circuit 
components and the test object.  
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Additional design considerations for the capacitor configuration involve the physical placement of 
the configuration. These considerations led us to build the 51-high capacitor stack as three separate 
stacks. 

The minimum helix inductance voltage limits have also been plotted in Figure 5D-1. The four 
limits for this case are represented by the four lower right-most curves in the figure. Note that the 
helix voltage limit (300 kV) is common to both cases. The plots are similar to the plots for maximum 
inductance except that the frequencies are higher and the capacitor current-limited voltages are 
significantly lower. These latter limits dominate for most frequencies. The capacitor current-limited 
voltage determines the rating for all configurations with seven or fewer capacitors in parallel. 

The figure shows that for a fixed number of capacitors, the capacitor current-limited voltage is 
nearly independent of the number of capacitors in parallel. This is because the total capacitance for a 
stack with a fixed number of capacitors is proportional to the square of the number of capacitors in 
parallel (m). This results in the resonant frequency being proportional to 1/m. For this case, the 
reactance of the capacitor stack at resonance is proportional to 1/m, while the current limit is 
proportional to m. The product of maximum allowable current times the reactance gives the current-
limited voltage, which is constant. The analysis above assumes no external capacitance. Following 
through with this analysis gives the following equation: 

  
0

0 C
LnIVIC
⋅

⋅=  

  where VIC is the current limited voltage for the stack, 
     I0 is the current limit for an individual capacitor, 
     L is the inductance of the helix, 
     C0 is the capacitance of an individual capacitor, and 
     n is the total number of individual capacitors in the stack. 

The equation indicates the current-limited voltage is independent of m, the number of individual 
capacitors in parallel. It is proportional to the square root of the total inductance and the total number 
of capacitors. It is inversely proportional to the square root of the capacitance of each individual 
capacitor given the capacitors have the same voltage limit. The actual limit differs slightly from this 
due to the effect of the added stray capacitance and the capacitance of the test object.  

Examination of the voltage limits for the maximum inductance case in figure 5D-1 shows that the 
voltage limit could be 300 kV (helix voltage limit) for frequencies up to 80 kHz or higher if the stack 
were reconfigured to have one, two, three, or four capacitors in parallel. Reconfiguration 
from five in parallel to two or three capacitors in parallel in order to change frequency was not 
practical and this was not of five capacitors in 
parallel, the maximum voltage was somewhat less for frequencies higher and lower than 30 kHz. For 
example, Figure 5D-1 shows that with the stack of five capacitors in parallel (Imax = 20 amps), and 
changing frequency by using the minimum helix in ctance, the voltage limit is slightly in excess of 
200 kV at a frequency of about 52 kHz. 

LOWER FREQUENCY OPERATION 
There were some practical reconfigurations for the Forestport capacitor stack that could be used to 

change the operating frequency. For example, shorting out one or two of the three-capacitor stacks 
lowers the resonant frequency. This was simple and could be accomplished in a few minutes. The 
bottom and middle sections consisted of 5 x 18 capacitors. The top section consisted of 5 x 15 

of the stack 

 done at Forestport. Thus, with the stack consisting 

du
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capacitors. Denote the total capacitance of the 5- x 51-capacitor stack by C, then the capacitance of 
the stack with the bottom section shorted is (51/33)⋅C ≅  1.54⋅C. The maximum voltage for this 

he factor 33/51. With both the bottom and middle sections shorted, the 
to

0 

 1 x 
n 

configuration is reduced by t
tal capacitance is (51/15)⋅C ≅  3.4⋅C. The maximum voltage for this configuration is reduced by 

the factor 15/51. The resonant frequency is inversely proportional to the square root of the 
capacitance. With only the bottom stack shorted out, the calculated operating frequency is 
approximately 28 kHz and the voltage limit is about 180 kV. When the bottom two stacks were 
shorted, the calculated operating frequency is approximately 20 kHz and the voltage limit is about 9
kV. For both of these cases, the test resonant frequency is lower because of the capacitance of the test 
object. 

HIGHER FREQUENCY OPERATION 
Another practical capacitor reconfiguration for Forestport involved disconnecting four of the five 

parallel stacks of capacitors. This leaves the stack in a configuration having 1 x 51 capacitors. A
8 extension was usually added to the top to create a configuration of 1 x 59 capacitors. This extensio
can be seen at the top of the high-voltage stack shown in Figure 5-10. This configuration has a 
calculated capacitance of (59/51)⋅(1/5) ≅  0.23⋅C. This configuration was used for measurements at 
frequencies in the neighborhood of 60 kHz, using a portion of the helix inductance. 
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CHAPTER 6  CORONA ON WIRES, PIPES, AND CABLES 

INTRODUCTION 
This chapter presents measurements of the corona onset level on cylinders (wires, pipes, and 

ca

de
 

nted 
 discussion includes comparison to 50/60-

sible. The data from the VLF/LF measurements have been processed to develop 
es that can be used for the practical design of high-power VLF/LF transmitting 

sy

er and air density are the similar but not always identically the same at VLF/LF 
as at power system frequencies. The measurements also showed that effects of surface conditions 
(roughness and/or coating of oil, water, or ice) are important and similar in both frequency ranges. 
Under some conditions, the   

spheric environmental factors that affect corona onset include atmospheric density and 
com

, 

ies in that their presence reduces the corona onset voltage 
si

 

bles) at VLF/LF made at Forestport over a several-year period. The measured data have been 
processed and analyzed and design curves developed. These are presented in later sections of this 
chapter. 

There is a considerable body of literature addressing corona onset at power system frequencies. 
The literature indicates that the critical voltage and surface electric field at corona onset are 

pendent on many variables. These include the physical configuration of the object and 
surroundings, atmospheric environment parameters, and the frequency. We have investigated these
effects at VLF/LF. Measured data directed at determining the effect of each parameter are prese
along with a discussion of the results in this chapter. The
Hz data where pos
formulas and curv

stems.  

Many, but not all of the effects observed at power system frequencies are the same or similar at 
VLF/LF. For example, for cylindrical conductors the most important parameter is the cylinder 
diameter (see Chapter 2). The experimental results and comparison to 50/60-Hz data verified that the 
effect of both diamet

type of material can also have a limited effect.

The atmo
position, as well as residual or local ionizing sources. Materials in the atmosphere often have an 

important effect, typically considerably reducing the voltage level for corona onset. These materials 
include water vapor, raindrops, snowflakes, pollen, molds, large complex ions, salt particles, insects
and blowing dust and sand. Details of typical atmospheric parameters are described in Chapter 3. As 
mentioned above, the VLF/LF data indicate that the air density effect is the same as that observed at 
power system frequencies (50/60 Hz). Our measurements did not specifically address the effect of 
airborne impurities. However, when these were present at Forestport, the effect was similar to that 
observed at power system frequenc

gnificantly. 

One series of measurements was directed toward determining the effect of humidity at VLF/LF. 
This effect was found to be quite different at VLF/LF than at power system frequencies. The 
presence of humidity increases the corona onset voltage at power system frequencies while humidity 
decreases the corona onset voltage at VLF/LF. The magnitude of the effect depends on frequency 
and diameter as well as the amount of humidity present. There is a different mode of breakdown at 
higher frequencies and it is likely that there is a diameter-dependent critical frequency at which the
breakdown phenomena changes from low-frequency mode to high-frequency mode, but we do not 
have enough data to quantify this effect. 
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PA

 Rate of Fall 
Frequency 
Surface Conditions 
   Stranded 
    Smooth 
    Rough 
    Wet - Dry - Ice 
Wire Slope 
   Horizontal 
   Vertical 
    Cages (Bundles) 

The measurements to investigate these parameters were made over a several-year period at the 
Forestport HVTF. The test facility, calibration procedures, and test methods are described in 
Chapter 5. 

The test configurations consisted of wires, pipes, and cables configured and located as follows: (1) 
horizontal outside, (2) horizontal rtical inside. A brief 
description of these test configur

Horizontal Outside 
The outside corona testing on cables and pipes was done using variations on a simple test setup. 

The horizontal test configuration used in the 1989 tests is shown in Figure 6-1. A top view of the 
layout is shown in Figure 6-2. The outside test samples were fed through the open roll-up door as 
shown in the picture. The samples were all about 20 feet (6.1 m) long and about 8 feet (2.4 m) above 
the ground plane. The feed trunk, shown on the left side of Figure 6-2, can be seen coming through 
the roll-up door on the right side of Figure 6-1. Vertical insulators were used to support the cable at 
one or both ends. The large cement anchor block located beside the test cell door was used to anchor 
one end of the cable with an insulator between it and the cable. The cable was pulled taut by an 
insulated halyard, shown extending off to the right in Figure 6-2, (left in Figure 6-1). It connected to 
a utility pole located about 100 yards from the test cell door. The electric winch is located near the 
base of the utility pole. Figure 5-3 provides an overview of the outside test area including the anchor 
block, utility pole, and winch. 

The outdoor ground system consisted of the buried ground system associated with the Forestport 
tower, augmented by aluminum shee sion. The antenna ground system 
consisted of 360 buried wires radial to the tower base located just behind the helix house. The 4-foot 

m sheets were placed directly under the wire for the horizontal-wire tests and are 
sh e 

RAMETERS AND CONFIGURATIONS MEASURED 
The primary parameters that were examined are:  

Wire Diameter 
Atmosphere � Environment 
   Air Density 
   Humidity 
   Dry - Spray-wet (Simulated Rain) and

 inside, (3) sloped outside, and (4) ve
ations is given below. 

ts and a hardware cloth exten

by 8-foot aluminu
own Figure 6-1. This ground was extended using a hardware cloth wire screen illustrated in Figur

6-2 (not in place at the time of the picture shown in Figure 6-1). This screen was approximately 30 
feet wide, centered on the test sample. The aluminum sheets were laid directly under the wire on top 
of the hardware cloth. 
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Figure 6-1.  Forestport outside horizontal test cell. 
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Figure 6-2.  Forestport outdoor horizontal test cell. 

Corona rings (4-inch minor diameter by 8-inch major diameter) were used at the ends of the test 
samples to keep the shackles and other mounting hardware from going into corona. The high voltag
was fed through the test cell door and connected to the test sample at the corona ring nearest the heli
house. The corona rings and the feed connection tend to reduce the field at the center of the test 
sample, while the grounded building walls and halyard tend to increase the field. These effects 
complicate the use of computer programs to accurately determine the surface electric field at the 
center of the test sample. For some of 

e 
x 

the measurements, a 10-foot extension of 1-inch pipe was 
ad

environment. For example, visual corona onset detection requires operation at night. In upstate New 

ded to the ends of the test sample in order to reduce the complicating effects and increase the 
accuracy of the calculations. 

Horizontal Inside 
Horizontal outside tests allowed the best geometry to expedite calculation of the exact value of the 

electric field on the cable or pipe and also allow operation at higher voltages, approaching levels 
expected in operational antenna systems. However, outside testing does not allow control of the 
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York, dew usually forms during the summer evenings, and the humidity is at or near 100%. In that 
case, condensation often forms on the surface of the test sample, greatly reducing the corona onset 
voltage. Thus, it is virtually impossible to measure corona onset voltages outside for dry conditions at 
Forestport, except in winter. 

An inside test setup using horizontal test sam density 
and humidity for dry conditions. re made with a set of horizontal 
test samples 15 feet long, supported on the ends by vertical insulators approximately 48 inches high. 
The ends of the test samples and insulators were shielded by a double set of corona rings stacked on 
top of the insulators. The high-voltage source was connected to the top of the corona ring closest to 
the helix house using a 6-inch diameter aluminum pipe. This pipe was oriented in the plane 
perpendicular to the test sample and entered the helix house at 45o with respect to ground. A few 
measurements were made with a similar test configuration using 10-foot samples and slightly lower 
insulators. The inside horizontal test setup is shown in Figure 6-3, and a drawing of the geometry 
used for the computer analysis is given in Figure 4-15. 

ples was developed to check the effects of air 
Most of the inside measurements we

 

Figure 6-3.  Forestport inside horizontal test cell. 

The samples tested consisted of a set of smooth pipes with diameters varying from 0.5 to 2.0 
inches and stranded cables with diameters varying from 0.25 to 1.25 inches. All samples had minor 
surface irregularities and scratches due to handling, but all protrusions were polished off prior to 
testing. The remaining scratches and irregularities were actually intrusions, which do not greatly 
increase the surface field. 
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Sloped Outside 
Many of the U.S. Navy VLF/LF antennas are umbrella top-loaded monopoles. The top load for 

this type of antenna consists of cables suspended at angles around 45° from the vertical. The 
formation and falling of water drops from a cable is a function of the suspension angle. For U.S. 
Navy VLF/LF applications, it is important to determine the effect of the suspension angle on the 
corona onset level. This outside test configuration could suspend 20-foot samples at angles adjus
around 45° from horizontal. A drawing of the sloping wire test setup is given in Figure 4-16. The 
foot test samples used for the outside horizontal tests were used for the sloping wire tests. The 
configur

table 
20-

ation was similar to the horizontal test configuration, but the suspension point was moved 
higher on the utility pole to give the desired angles. The ground system was the same as used for the 
horizontal outdoor tests. 

Vertical Inside 
The vertical inside tests were done using vertical coaxial geometry having an outer grounded 

cylinder and with the energized test sample in the center. A diagram of the vertical test cell is shown 
in Figure 6-4. The high voltage was applied to the cell via a large cylindrical feed line shown in the 
upper right-hand portion of the figure. The large cylindrical cage surrounding the sample consisted of 
0.25-inch hardware cloth supported on a PVC pipe frame. The outer diameter of this coaxial cell was 
3.2 meters, its height was 3.6 meters, and the test sample was 1.98 meters long. 

The vertical test cell is shown in Figure 6-5. One of the sprayers for wet testing can be seen on the 
right-hand side of the figure. During the 1985 tests, the shield ring at the upper end of the sample was 
0.61 meter in diameter and was made of aluminum pipe 0.15 meters in diameter. The lower end had a 
similar ring plus a larger, 0.81 by 0.2-meter, shield immediately below it. For the 1989 tests these 
rings were replaced with single smaller 0.36- by 0.064-meter rings; one at the top and one at the 
bottom. These rings were too large and the test cell was too short for the field at the center to be 
accurately given by the simple coaxial formula. Correction factors were developed using the 
computer program and verified by neon light field sensor measurements as described in Chapter 7. 
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Figure 6-4.  Vertical high-voltage corona test cell. 
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Figure 6-5.  Forestport vertical test cell. 

VISUA  PH INDRICAL ONDU

Coron  Me
Visual observation w  corona detection used for all measurements on cylindrical 

conduc cript  phenomena o served ylindrical conductors is given in 
the next section. For sp everal observable phenomena could be called corona 
onset. sure tport, we us int le streaks acted 
the conductor and beca ous as the definition of wet corona onset. The continuous purple 
streaks starting from the conductor were named purple mini- cribed in the section on 
wet cor

As discussed in Chapter 1, it has been known since the ear  that there are 
differen natur /LF ed wer system frequencies 
(Whitehead & Gorton, 1914, p. 972). For example, RF corona c alle es while 
this do  at 6 . 971). In partic RF c derabl re 
power than at power sy cies (Ryan & Marx, 191 at 60-Hz, continuous 
corona ed o ts without da er ints melt (Clark & 
Ryan, 1914, p. 987). However, at the onset level, there is little difference in the visible phenomena 
betwee spec  sm res, except that at RF 
the corona is brighter. s well above onset, there are significant differences in the corona 
phenom  and cies. 
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Dry 
The visible phenomena of dc corona for wires depend on the polarity. The convention in the 

literatu e po fers to th larit r negative) of t ctrode 
on which the corona occurs. At levels not greatly exceeding onset, positive corona forms a 
continuous bluish white sheath along the wire. Nega  coro all reddish pur hite 
beads that are regularly along the wires. 

 

t 

positive corona form

nch.� This 
is r 

re is that th larity of dc corona re e po y (positive o he ele

tive na forms sm ple w
 spaced 

The voltage level at which the corona appears depends on the polarity and wire size. There is 
evidence that negative corona forms first (lower voltage than positive corona) on intermediate sized
wires having diameters between 7 x10-3 cm and a diameter on the order of 0.1 cm, with positive 
corona forming first for wires with diameters smaller and larger than that (Watt, 1967, p. 103). 
Recent dc measurements made on smaller wires, all having diameters less than 0.6 cm indicated tha
negative corona forms first for dry conditions (Schukantz, 1993). 

At 60 Hz, the corona phenomena observed is the same as at dc. However, since both positive and 
negative voltages are present, the polarity of corona observed at onset depends on the wire diameter. 
For example, Smith (1963) observed at 60 Hz that negative corona forms first on smaller wires but 

s first on larger wires. When the voltage is above onset level, corona of both 
polarities is observed. The eye integrates both phenomena and sees a superposition but they can be 
observed individually by taking pictures with a stroboscope synchronized to the voltage waveform 
(Peek, 1929). 

At VLF/LF, the corona phenomena observed at onset depends on wire size similar to 60 Hz but 
there is frequency dependence. For example, Smith (1963) observed at VLF that small wires (< # 18 
AWG) exhibited negative corona similar to that at 60 Hz, but larger wires (> # 10 AWG) exhibited 
positive corona. However, the positive corona at VLF/LF was different from that at dc or 60 Hz in 
that at onset it immediately formed reddish �purple streamers, which had a tendency to bra

 consistent with observations at Forestport. Figure 6-6 shows the Forestport inside test cell setup fo
horizontal testing with a sample exhibiting dry purple streamers. In addition, observations indicate 
that this type of positive corona forms first on larger diameter wires at higher frequencies (consistent 
with Kolechitskii, 1967) 

 

Figure 6-6.  Purple streamers (dry). 
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At the VLF/LF frequencies tested and with practical wire sizes for antennas (>0.25- inch 
diameter), corona onset (dry) always consisted of the purple streamers corresponding to positive 
corona. These streamers have a bright whitish purple base on the wire that is slightly wider than the 
streamer. The streamers have lengths several times the wire diameter when they first form. Typically, 
streamers are spaced regularly along the wire at distances somewhat greater than their length. A 
sizzling or hissing noise accompanies the purple streamers. For larger diameter wires, the onset 
purple streamers are longer and louder and develop a brighter base. For larger pipes, corona starts in 
the form of a full flare described in the section on wet corona below. 

Smaller wires exhibit negative corona first (especially at lower frequencies). As the voltage is 
increased, the first phenomena observed are small reddish purple beads of visible light regularly 
spaced along the wire. The number of spots increases with increasing voltage. This is similar to dc or 
60 Hz, but at VLF/LF the corona is considerably brighter due to the increased energy. Positive 
corona forms first as described above for larger wires and/or higher frequencies. However, if there 
are surface irregularities on the larger wires, negative corona in the form of small white spots will 
form at these locations, especially at small points. At VLF, these irregularities burn off fairly quickly 
due to the increased energy in the corona, conditioning the wires. 

Wet 
Falling snow appears to lead to the lowest corona onset voltage (Peek, 1929, p 202). However, for 

U.S. Navy applications, rainfall (spray-wet) conditions have been selected for the limiting design 
case for outdoor applications. 

The description of dry corona phenomena at VLF/LF is consistent with that given in the literature 
for 60 Hz. However, there is little in the literature describing wet corona phenomena at 60 Hz. 
Consequently, the following detailed description of the breakdown phenomena for spray-wet 
conditions is based on Forestport testing. It applies whenever there is enough precipitation to form 
drops on the bottom of the wire, with at least an occasional drop falling away from the wire. The 
description and drawings given in Figures 6-7 through 6-11 are consistent with the description and 
drawings of wet corona phenomena at 16.5 kHz given by Larionov and Tarasova (1989). 

The nature of electrical breakdown for spray-wet conditions is different than for dry conditions. 
Many of the breakdown phenomena observed for wet conditions do not occur for dry conditions. In 
general, the breakdown phenomena occur at a much lower voltage for spray-wet conditions than for 
dry conditions. However, when the voltage is increased to the dry breakdown level, the phenomena 
observed are essentially the same for both cases. 

All the phenomena observed on the larger wire diameters used for spray-wet testing corresponded 
to positive corona. This is consistent with measured data at dc under spray-wet conditions, which 
shows that positive corona forms first on wires with diameters larger than 0.6 cm and negative 
corona forms first on smaller wires (Schukantz, 1993).  

Drop Dis

he first phenomena observed is that the drops on the bottom of the wire are constricted 
(squeezed) by the electrostatic force and hang down farther from the cable when the wire is 
energized with a significant voltage. The amount of the constriction increases with voltage. Often 
when the voltage is increased enough, the constriction forces the larger drops off the cable (Figure 6-
7) (Richards, 1974) 

tortion 

T
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Figure 6-7.  Water drops on energized wire. 

Sparklers 

The second phenomena observed as the voltage increases is very dim and can only be seen in the 
dark with dark-adapted vision. Under these conditions, small dim white intermittent flashes can be 
observed e on 
both sha on the 
falling drop, a short but finite distance below the separation point. This phenomenon occurs at very 
low levels of surface electric field (approximately 0.3 kV/cm equivalent on the surface of the wire, 
calculated with no water present). 

As the drop starts to separate from the wire, it forms the classical teardrop shape with the pointed 
end toward the cable (Figure 6-8.) As separation occurs, the drop carries a charge corresponding to 
the applied RF voltage on the electrode at the time of separation. As the drop falls, it will rapidly 
reshape into a flattened spherical shape due to the combination of surface tension and aerodynamic 
forces. This reshaping takes some time so the drop remains teardrop-shaped for a period of time after 
separation. The glowing phenomenon is attributed to electrical breakdown of the air (corona) caused 
by the intense electric field near the pointed end of the drop. This field is due to the charge on the 
drop, the shape of the drop, and the charge on the wire. This field is nearly doubled when the RF 
voltage on the wire reverses polarity, which occurs one half RF cycle after separation. The glow is 
observed to appear at a distance below the separation point consistent with the distance the drop falls 
in one half RF cycle. 

The glow only occurs for an instant on a falling drop shortly after it separates from the wire and 
hence appears as an intermittent flickering below the cable as water drops fall off. It also occurs for 
an instant on the sharp end of the portion of the water remaining on the cable (Figure 6-8). We call 
this phenomenon �sparklers,� and it is the first breakdown phenomenon that occurs as the voltage is 
increased. If there is enough precipitation to form water streamers, this glow can start somewhat 
down the water streamer at the point where it starts to break up into individual drops (Figure 6-9, left 
side). As the voltage is increased, the white glow associated with each drop grows brighter, longer, 
and wider

 a short distance below the cable (approximately 0.25-inch). These flashes appear to b
rp ends that occur just as the drop separates. The brightest part of this corona appears 

 but remains separated from the wire. 
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Figure 6-8.  Falling drop sequence. 

 

Figure 6-9.  Purple streaks. 

Purple Streaks 

As the voltage is increased further, the sparklers grow in length. When they get to be about 0.50-
inch long, they start to turn faintly purple. As the voltage is increased, these become longer and 
brighter purple. At this level, they are 1 to 2 inches long, still separated from the cable by about 0.25 
inch and only occur when a drop falls. They also make a definite hissing or spitting noise with each 
falling drop. If the wire has drops hanging from it and the cable is suddenly energized at this voltage 
level, many of the larger drops will be forced off the wire with a definite �pfsst� sound as though the 
cable were spitting them off. As the voltage is increased, careful examination reveals that the lower 
ends of the purple streaks have miniature, slightly yellowish leaders, extending beyond the ends (see 
Figure 6

Ghosts 

As the voltage is increased further, the first stationary (self-sustaining) phenomenon observed 
depends on the nature of the wire. For the 1-inch stranded cable, it consisted of a small, round, dimly 

-9). 
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w

was only 
 for 

hite, glowing spherical body (head) located slightly below the wire, with a dark space between it 
and the wire. Below it there was another dark space and below that was a dimly glowing, purple, 
conical shaped form (skirt) (see Figure 6-10). We termed this phenomenon a �ghost,� and it 
observed on the 1-inch stranded cable during the indoor rainfall rate tests. The ghosts appeared
wet conditions, independent of the rainfall rate. With only a slight increase in voltage, the ghosts 
turned into a self-sustaining continuous purple mini-flare described below. 

 

Figure 6-10.  Ghost. 

Purple Mini-Flares 

As the voltage is increased, the intermittent purple streaks described above eventually grow longer 
and the starting point moves closer to the wire surface. When the voltage increases enough, the 
starting point appears to attach to the wire. At this level, they become continuous (although flickering 
slightly) and a faint, whitish purple, hot spot appears on the surface of the wire (Figure 6-11). These 

s. They extend nearly straight out in the direction of the wire radius. 

heir 

di s to 
o 

g, 
r larger heights of the wire. This is in part 

because the corona onset voltage is higher and more energy is available in the capacitor bank for the 
rona process. As the voltage is increased above the onset level, the mini-flares elongate and th
ot on the surface gets brighter and whiter. As the voltage is increased further, a cylindrical stem
rms ng perpendicular to the surface out a short 
stan e a ay i-flares is weakly dependent on the water flow 

rate and is longer at the locations where a water stream forms. 

are termed purple mini-flare
They are usually stationary below the wire, but under certain conditions, particularly on stranded 
cable, they may move around somewhat and can spiral around the wire. There is a definite sizzling 
noise associated with the purple mini-flares and the intensity of the sound increases with voltage. 
This phenomenon is accompanied by the smell of ozone. Purple mini-flares are self-sustaining. T
source is on the surface of the wire and, as voltage increases, they are the first phenomena that 

ssipate any significant amount of power. For that reason, we used the onset of purple mini-flare
define the onset of �significant� corona for spray-wet conditions on wires. They are very similar t
the purple streamers that form for dry conditions (Figure 6-6). 

When the purple mini-flares first appear, they are approximately one to three wire diameters lon
depending somewhat on the geometry. They are longer fo

co e hot 
sp  
fo , starting at the hot spot on the wire and extendi
di c  w  from the wire. The length of the min
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Figure 6-11.  Continuous purple streamers. 

Flashover 

As the voltage is further increased, the next phenomenon observed depends on the geometry 
involved and the impedance of the high-voltage circuit. At Forestport, either a continuous discharge 
from one to several feet long formed, or if the plasma from this discharge reached the ground, a 
flashover occurred. We have termed this continuous discharge a �flare,� and it is described in the 
section below. 

When a flashover occurs, all the energy stored in the capacitor bank is dissipated in a short time, 
most of it in the discharge itself. There is a white lightning-like streak from the object to ground. The 
path of the spark approximately follows the electric field lines, and it is accompanied by a loud bang. 
Figure 6-12 shows a drawing of a typical flashover path. The sound associated with flashover 
increases with the discharge voltage, corresponding to a greater amount of energy dumped by the 
capacitor bank. If the transmitter is kept running, a continuous series of flashes takes place, with 
accompanying bangs, occurring at a several (approximately 5 to 25) discharges per second. This is 
caused by the energy stored in the capacitors discharging through the circuit completed by the arc 
across the test object. This circuit typically rings down at a frequency in the high frequency range 
corresponding to the resonant frequency of the capacitor and load circuit with the load shorted out. 
After the capacitor bank rings down, the arc goes out, and the VLF transmitter recharges the 
capacitors, which then ring up at the VLF frequency, until the voltage is high enough for flashover to 
reoccur

. 

 
 

 on the water drops falling from the lowest of the 
three upper c

 and the sequence starts over. 

Figure 6-13 shows a picture of a flashover on an insulator. Note the irregular path of the flashover
In addition, at the bottom there are two separate paths probably resulting from two or more different 
flashovers that occurred within the exposure time. Note the water sprayer on the right-hand side of
the figure. The water droplets from the sprayer are glowing with corona. This figure also shows a
good example of purple streaks. They are forming

orona rings. Note that the purple streaks start well below the surface of the ring. On the 
left end of the center string of purple streaks, there is an example of one just after separation, where 
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there is purple on both the part of the drop that has separated from the surface as well as on the part 
that remains on the surface. 

 

Figure 6-12.  Drawing of flashover. 

 

Figure 6-13.  Picture of flashover. 
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Flares 

As the voltage is increased, if flashover does not occur, a continuous discharge from one to several 
feet long is formed. We have termed this continuous discharge a �flare.� A drawing of a flare is 
given in Figure 6-14. Figure 6-15 shows a picture of a flare. In Figure 6-15, the streamers are 
particularly visible in the dark area of the doorway. Note that the colors as seen by the human eye are 
not well reproduced in photographs, especially the deep purple associated with ultraviolet.  

 

Figure 6-14.  Drawing of flare. 

For spray-wet conditions, both flares and flashovers usually start from the wire surface at or very 
near the location of the longest purple mini-flares. For the high-voltage circuit at Forestport, flares 
tended to form on objects with small radii of curvature that are located some distance from ground. 
Flashover tends to occur with objects having larger radii of curvature and when they are located 
closer to the ground. This is attributed to the fact that the beginning of a discharge draws 
considerable current, which rapidly lowers the electrode voltage due to the finite source impedance. 
If this voltage drops fast enough and far enough, then there will not be enough voltage available to 
drive the discharge all the way across the gap. Equilibrium results where the voltage level is great 
enough to provide the energy required by the continuous ionization in the flare but not enough to 
drive it across the remainder of the gap. We believe that the flare is an incomplete flashover that 
would continue across the gap if the RF voltage source had very low impedance. Thus, the flare 
phenomena depend on the circuit characteristics. However, the voltage at which flares form is 
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believed to be the same as the voltage at which flashover would take place with a low impedance 
source. 

 

Figure 6-15.  Picture of flare. 

Th ce of the electrode, from 
e of the wire. At lower 
ler yellow streamers. 

omewhat and increases in diameter, but the most 
nds from the stem. This flame-

lik

n 
ellowish white extensions that appear 

 be the classic streamers described in the high-voltage literatu  (see Figures 6-14 and 6-15). Flares 
e accompanied by a roaring noise, similar to a blowtorch, whi h increases in intensity with voltage. 

If t m n on 

l also tend to move in the direction of any wind blowing, 
cluding the air movement induced by falling water drops. Occasionally, the flare will appear to 

jump to another spot on the wire, or a flashover will occur from the end of the flare. Under certain 
conditions, flares can flicker on and off rapidly. For example, on the 1-inch stranded wire, as the 

e flares originate from a bright, whitish purple region on the surfa
which a cylindrical stem about 1 inch in diameter extends normal to the surfac
voltages, this stem terminates in a purple glowing discharge that has some smal
As the voltage is increased, the stem lengthens s
noticeable phenomenon is a wavy, yellow flame-like region that exte

e region can grow considerably longer, up to several feet, as the voltage is increased. It has the 
same appearance as the quiet arc that forms between electrodes when current is limited. The flame is 
usually one to several inches wide and takes a wavy path generally away from the high-voltage 
electrode, and usually waves around somewhat erratically. The end of the flame usually terminates i
two or three fingers that are mostly purple but have flickering, y
to re
ar c

he trans itter is left on, the flare will usually move around slowly, with the source locatio
the wire tending to move up. The upward movement is probably due to the natural rising of the 
heated air around the flare. A flare wil
in
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voltage was ocation of 
the longer p

MEASURED CORONA ONSET DATA 

Data Desc tion 
Most of the corona onset data measured from 1994 on are included in Appendix 6A. The 

maximum surface electric field on the wire, pipe, or cable was calculated for each case as described 
in Chapter he dat surements shown in the following section validated that the air 
density correction factor, discussed in Chapter 3, applies at VLF/LF for smooth cylinders. This 
correction is applied to both the surface electric field and the wire diameter. All the data for smooth 
cylinders  been corre or atmospheric density. However, the data tables in the appendix give 
both the original and corrected data.  

The reduced environme ata include both relative and absolute humidity, also given in the 
appendix. At power system frequencies, a humidity correction factor has been developed, which was 
described in Chapter 3. It is well known that at dc and power system frequencies that an increase in 
humidity increases the onset voltage. This is believed to be due to absorption of electrons by water 
vapor molecules. At VLF/LF, our measurements show just the opposite. The presence of humidity 
reduces the onset voltage, at least for larger wires. The amount of the reduction varies with the 
amount of humidity and with frequency and wire diameter. It appears that at VLF/LF there is a 
relationship between the wire diameter, frequency and humidity, which has not yet been worked out. 

or that reason, the measured data at VLF/LF have not been corrected for humidity. 

The relevant data sets measured at Forestport are listed in Table 6-1 along with the frequency and 
the primary aken 
prior t  of the voltage calibration error on 18 May 1993 are not included in the appendix, 
althoug those corrected and used in our an

The Effect of Air Density
Several of the measurements were directed at determining the effect of air density. These 

measurements were taken using the horizontal inside test setup during the winters of 1996 and 1997. 
The setup used is shown i ures 6-3, 6-6, and 4-15. The corona onset vo ge was measured for 
three different values of air density using a set of test samples consisting of several smooth pipes and 
four samples of stranded cables. 

The air density variation was accomplished by changing the temperature in the test cell. The 
winters at Forestport tend to be very cold. This allowed us to cool down the inside of the test cell to a 
temperature just above fre , make a set of measurements, and then quickly warm it up for 
another set of measurements. After making a series of measurements at a cold temperature, the 

ermostat would be turned up and the large space heater warmed the test cell within a couple of 
ho

ly 
 approximately 80o F. The middle 

temperature was usually around 50o F. 

ature 
 
did 

 increased, flares were observed to flicker on and off briefly, starting from the l
urple mini-flares.  

rip

 4. T a from the mea

have cted f

ntal d

F

 parameters being investigated by that set of measurements. Note that data sets t
he discovery

h some of  data were alysis. 

 

n Fig lta

ezing

th
urs. Measurements were then made at the warmer temperature. The measurements were usually 

made at three temperatures denoted cold, warmer, and warmest. The coldest temperature was slight
above freezing around 35o F, and the warmest temperature was

A controlled environmental chamber was not available at Forestport and changing the temper
over a given range of values was the only way to emulate density variation. There are at least two
significant problems with this method. One is that the absolute humidity of the air in the test cell 
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not remain constant. We had hoped that the method of starting with cold air and then rapidly 
warming it up would keep the absolute humidity nearly constant. Unfortunately, the warm
rapidly absorbed moisture from the cement block walls and always had higher absolute humidity 
than the cold air. 

Table 6-1.  Corona onset data for wires, pipes, and cables measured at Forestport. 

Frequency Included in 

er air 

Date Configuration (kHz) Effect Appendix 6A  

Sept-Oct 85 Inside vertical  Frequency, 
diameter, slope 

No 

Sept 86 Inside horizontal  Fr
dia

equency, 
meter, slope 

No 

Sep 89 Outside horizontal t  Corona power No 

De No c-Jan 89/90 Meter #1 blown out   
during flame test 

June 92 Outside horizontal  Large diameter 
cables 

No 

14 July 92 Outside horizontal  Cable and vibration 
dampers 

No 

18 M Voltage calibration  ay 93 
error discovered 

 No 

28 Oct 93 New calibration  No 
technique developed 

 

10 Aug 94 
horizontal 

ith new 
libra n a  

y 

Yes Outside wires 27.5, 40 Repeat w
ca tio nd
better geometr

27 Oct 94 Outside horizontal 
cages 

27.5 Cagi na 
phe a, 
ons/ext, power 

Yes ng, coro
nomen

8 Feb 96 Inside wires orizontal 29, 53 Air den Yes h sity 

13 May 96 Inside pipe
Horizontal 

29.2 Diamete ooth – 
stra

Yes s r, sm
nded 

11 July 96 Outside pi
Wet & dry 

27.8, 43 Diameter, freq  
wet – dry 

Yes pe 

10 Sep 96 Outside slo ble 
& pipe 

30, 43 Slope, wet – dry Yes ping ca

22 Oct 96 Outside sloping cable  Slope Yes 
& pipe 

5 Feb 97 Inside horizontal 15’ 
lengths 

29, 47 Humidity Yes 

8 Feb 97 Inside horizontal 10’ 
lengths 

14 Air density Yes 

15 Feb 97 Inside horizontal 15’ 
lengths 

29 Air density Yes 

18 Feb 97 Inside horizontal 15’ 47 Air density Yes 
lengths 
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The seco ade 
measureme . On both of 
these occasions, significantly voltages were observed. The wind 
was blowing on those d all particles o  because 
after the door was closed for a while the onset voltages returned to ne expected values. The 
other example occurred on the day the 29-kHz data (15 Feb 97) wa n that day a thaw 
occurred and the door was kept open and a fan used to blow cold air in to get a relatively low 
temperature. nd we believe that the fan was blowing dust off 
the ceiling and that the dus  the air reduced the corona o . Therefore, the data 

r 8 and 15 Feb 97 for 29 kHz probably do not reflect the true variation with atmospheric density. 

he maximum surface electric field 
on

 

ay have been rough or had some imperfection that caused it to go into corona at 
a 

ard 

 for 

curves. 

correction factor using similitude does not appear to apply at VLF/LF to stranded cables and rough 
surfaces. This is a somewhat surprising result for which we do not have a complete explanation at 
this time, although it has something to do with the frequency effect for rough surfaces. 

nd problem had to do with air circulation. On a couple of occasions, we m
nts with the door open in order to get the inside of the test cell cold enough

 lower than expected corona onset 
ays, and probably sm f blowing snow were to blame

arly the 
s measured. O

 These data did not behave as expected, a
t particles in nset voltage

fo

These problems not withstanding, by the time we took the last set of data (47 kHz, 18 Feb 97), we 
had refined our method and the weather cooperated to give excellent data, which shows that the 
theoretical effect of density variation as outlined in Chapter 2 is valid. The 1996, 29-kHz air density 
data (30 kHz, 8 Feb 96) were also good and are shown below. 

The data were processed using computer programs to calculate t
 the test object as outlined in Chapter 4. In addition, the atmospheric environmental data were 

processed to obtain the air density and humidity. The raw and processed data for these measurements 
are shown in Appendix 6A under the dates 8 Feb 96, 8 Feb 97, 15 Feb 97, and 18 Feb 97. 

The first example, for which the data is given in Figures 6-16 and 6-17, gives the critical surface 
electric field for corona onset at 29 kHz, measured using four smooth pipe samples at three different
temperatures. The relative air density variation over this temperature range was from about 0.94 to 
0.99. Figure 6-16 gives the data uncorrected for air density. It appears that the small diameter wire 
(1.79 cm diameter) m

lower voltage than expected. Figure 6-17 gives the data after correction to the standard air density 
by adjusting both the surface electric field and the pipe diameter (Chapter 3). For this case, stand
temperature and pressure (STP) was defined to be 25o C and 760 mm Hg. Ignoring the anomalous 
data for the small wire, the curves for the three different temperatures are much closer together
the corrected case, indicating the correction is effective. 

The second example, given in Figures 6-18 and 6-19, shows the measured critical surface electric 
field for corona onset at 47 kHz, using seven different smooth pipes. Again, note that the corrected 
curves (Figure 6-19) are much closer together than the uncorrected curves. In this case, the shift in 
the pipe diameters caused by the correction is clearly in the right direction to reduce the difference 
between the 

The third example, given in Figures 6-20 and 6-21, is for stranded cables at 47 kHz. The relative 
air density variation for this test was on the order of 0.95 to 1.03. In this case, the uncorrected curves 
are almost the same, while the corrected curves are separated. This indicates that the air density 
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Figure 6-16.  Air density, smooth pipes inside at 29 kHz, uncorrected for air density. 
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Figure 6-17.  Air density, smooth pipes inside at 29 kHz, corrected for air density. 
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 47 kHz, Uncorrected
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Figure 6-18.  Air density, smooth pipes inside at 47 kHz, uncorrected for air density. 
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Figure 6-19.  Air density, smooth pipes inside at 47 kHz, corrected for air density. 
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Figure 6-20.  Air density, stranded cables inside at 47 kHz, uncorrected for air density. 
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Figure 6-21.  Air density, stranded cables inside at 47 kHz, corrected for air density. 

 

 6-23



Chapter 6 Corona on Wires, Pipes, and Cables  VLF/LF High-Voltage Design and Testing 

Even though the data shown in Figures 6-20 and 6-21 do not show the air density effect, they are
believed to be accurate because they were measured at the same time as the data for smooth pipes 
(Figures 6-18 and 6-19), which do show the expected air density effect. These were the last 
measurements taken in this series, and the experimental technique had been refined. The data 
indicate that the corona onset level on stranded cables has little

 

 or no variation over the range of air 
density

t 

 

y effect on stranded cables over wider density variations are needed.   

tor 

at 
air density has less effect on the onset voltage for stranded cables, at least over normal atmospheric 

 sea level. We do not have an explanation for this but we expect that for larger 

t 

et 

 
sen 

 at 29 kHz from several data sets is 
sh

  

 achieved.  Thus the air density correction factor derived in Chapter 3 does not apply to 
stranded cables at least over normal sea level density variations. For this reason, we did not apply i
in processing the measured data for stranded cables. 

Of course, air density must have an effect on the onset voltage of stranded cables, but our data
indicate it has little or no effect over the small density changes achieved. We do not have an 
explanation for this, but we expect that for larger density variations (e.g., high altitude) the pressure 
variation would be more in line with the correction factor given in Chapter 3 and measurements of 
the air densit

Both data sets presented for smooth pipes show that the true atmospheric density correction fac
derived in Chapter 3 does apply to corona onset on smooth objects under dry conditions at VLF/LF. 
For that reason, we have applied the correction factor to the data for smooth pipes. This indicates th

density variations near
density variations (e.g., high altitude) the pressure variation would be more in line with the correction 
factor given in Chapter 3. 

Peek developed a corona onset formula at 60 Hz for spray-wet conditions and deliberately did no
include the air density effect since it was not characterized. Similarly, we do not have data for the 
effect of air density at VLF/LF under spray-wet conditions. However, our definition of corona ons
involves the corona originating from the surface of the conductor as it does for dry conditions. Since 
this corona is very similar to that at onset for dry conditions, the wet corona onset data have been 
corrected for air density as well as the dry corona onset levels. It is not certain that air density affects 
wet corona onset the same as it affects the dry corona onset, and measurements of the air density 
effect on wet corona onset are needed.  

Smooth Pipes and Wires 
All the data presented in this section have been normalized to a standard temperature of 25o C and

a standard atmosphere of 760 mm of Hg using the air density correction factor. (25o C was cho
because it is the temperature widely used in the power system corona literature). Appendix 6A 
contains detailed data sheets of the observed corona onset values and the normalization factors. 

The surface electric field at corona onset for smooth pipes
own in Figure 6-22. In addition, the curves based on the 60-Hz data of Peek (1929) and Miller 

(1956, 1957) are included. Comparing the upper curve for dry smooth pipes and low humidity to the 
60-Hz data shows that the onset values are essentially the same at VLF and 60 Hz. The following 
formula fits the observed values for smooth conductors: 

43.0
1225.17

d
Ec +=

  (6-1) 
 in kV/cm, and   where Ec is the rms onset field

     d is the wire or pipe diameter in cm. 
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The initial constant (17.25) is equal to 0.707 times the peak breakdown gradient for a uniform 
field, which is 24.4 kV/cm. The product is the rms value for Ec for a uniform field. Theoretically, 
should approach the uniform field value for very large diameter wires. The figure indicates that this 
is the case. The co

Ec 

nstant in the numerator of the second term in the equation is 0.696 times the first 
term. This term is inversely dependent on the wire radius, and it accounts for the increased field on 

e wire surface required to cause breakdown for smaller diameter wires. This term arises because the 
ld falls off more rapidly with distance from the wire surface for smaller diameter wires, and there is a 

m e initiation of corona as discussed in Chapter 2. 

The mid le he relative humidity of the air increased to 
o t %  For this case, the onset field is reduced significantly, and the decrease is greater for larger 
ir  d m ers. An equation that approximately fits this case is also included in the figure. The initial 
n ta  i e nt for the onset field reduction observed on the larger 
a e r w re s the onset gradient, while the 

data show that the effect of hum

th
fie

inimum en rgy-distance product required for 

d  curve in Figure 6-22 shows results when t
ab u 90 .
w e ia et
co s nt s r duced to a value of 14.0 to accou
di m te i s. At 60 Hz, the presence of humidity normally increase

idity is the opposite at VLF/LF. 
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Figure 6-22.  Corona onset surface field versus diameter for smooth wires at 29 kHz. 

The lower curve for wet conditions shows a major reduction in the critical gradient for the larger 
diameter wires. However, the very small diameter wires show only a slight increase in onset gradient 
when wet. The asymptotic value for the larger diameters corresponds to 3.1 kV/cm rms, which is 
consistent with the breakdown strength of air with falling drops of water measured using widely 
spaced parallel plates as described in Chapter 8. 

Figure 6-23 shows a similar data set for 47 kHz with the appropriate curve fit equations. The curve 
fit for dry, low-humidity data is nearly the same as that for the 29-kHz data. The data for high 
humidity show a slightly greater decrease in onset gradient for the larger diameter wires than was 

 6-25



Chapter 6 Corona on Wires, Pipes, and Cables  VLF/LF High-Voltage Design and Testing 

found at 29 kHz. The curve for the wet corona onset shows a major reduction over the dry case for 
larger diameter wires, similar to the 29-kHz data. For this case, the asymptotic value for larger wires 
is about 3.0 kV/cm rms. The smaller diameter wires show a slight increase in onset gradient when 
wet similar to the 29-kHz data. We believe that there is a small decrease of corona onset fields with 
frequency, but the frequency effects are much smaller than the humidity effects. As a result, it is 
difficult to observe the frequency effect since the different frequency tests were performed at 
different times with different relative humidity. 
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Figure 6-23.  Corona onset surface field versus diameter for smooth wires at 47 kHz. 

St
 

ce 
ly by contamination or wire surface roughness. It is common practice 

he gradients on such conductors as if they were sm aximum cable 
ameter. The localized increase in the surface electric field reduces the voltage for corona onset and 

therefore reduces the apparent surface field for corona onset as calculated for a smooth conductor. 

C r a ns anded cables at different times at Forestport. The 
o es d es -24 gives the observed values of 

d for stranded cables at 29 kHz. The dry data 
ar

randed Wires and Cables 
Most VLF/LF antenna configurations use stranded cables similar to the conductors used in power

system systems. The maximum surface electric field on a stranded cable is greater than that on a 
smooth conductor of the same diameter due to the protrusion of the strands. The maximum field 
occurs on the outermost point of the strand farthest away from the center of the cable. The surfa
fields are further increased local
to calculate t ooth using the m
di

o on  o et measurements were taken for str
pr c se  r ults are plotted in Figures 6-24 and 6-25. Figure 6
critical onset field for dry and wet conditions observe

e representative of measurements made with the relative humidity less than 50%. The curve fit and 
associated formulas for these two cases are also shown in the figure, along with the curve fit for the 
smooth wire case. 
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From the figure, it is clear that the dry stranded cables exhibit a significant reduction in critical 
field relative to smooth wires. For dry cables around 2 centimeters in diameter, the surface electric 
fields at onset are 15 kV/mm for stranded cables and 26 kV/mm smooth conductors (a ratio of 0.5
1). On the other hand, the ratio for stranded cables under wet conditions is s

8 to 
maller. For a diameter of 

2 centimeters, the onset fields are 12 kV/mm for stranded cables and 15 kV/mm for smooth pipes (a 
ratio of 0.80 to 1). For small diameter cables near 0.3 centimeter in diameter, the ratio is about 0.9 to 1.  
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Figure 6-24.  Corona onset surface fields for stranded cables at 29 kHz. 

Data for stranded cables measured for both dry and wet conditions at frequencies around 43 kHz 
are shown in Figure 6-25 along with a curve fit for the data. The data are very similar to the 29-kHz 

itions exhibit significant scatter. The asymptote for large diameters is 
for the 29-kHz data. However, the spray-wet data have a slightly smaller 

 that for the 29-kHz data. 

data. The data for dry cond
e data than greater for thes

asymptote than
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Figure 6-25.  Corona onset surface fields for stranded cables at 43 kHz. 

Curve Fit Equations 
Curve fit equations for all of the above cases are given in Table 6-2. The equations are of the form: 

  
zc d

KEE += ∞
  (6-2) 

  where Ec is the critical surface field for corona onset (kV/cm), 
    ∞E  is the asymptotic critical field for large diameters (kV/cm), 
    d is the cable diameter in cm, and 
    z is the exponent defining the variation with diameter. 

The similarity law described in Chapter 3 requires that the critical onset voltage remain constan
when the product of relative air density and the physical size scale factor also remains constant. Th
equations given in Table 6-2 can be modified to e

t 
e 

xplicitly include relative atmospheric density in a 
way that satisfies the similarity condition, as shown below.  

  
( ) ⎟

⎟
⎠

⎞
⎜⎜
⎝

⎛

⋅
+⋅= ∞ zc d

KEE
δ

δ  

  where δ is the relative atmospheric density and the other parameters are defined in the  
  preceding equation. 
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Table 6-2A.  Curve fit equations for corona onset gradients on smooth pipes. 

Frequency 
(kHz) Condition Equation 

29 Dry 43.0
1225.17

d
Ec +=  

29 High humidity 55.0
120.14

d
Ec +=  

29 Wet 52.0
171.3

d
Ec +=  

47 Dry 43.0
1225.17

d
Ec +=  

47 High humidity 55.0
120.13

d
Ec +=  

47 Wet 58..0

150.3
d

Ec +=  

 
 

Table 6-2B. Curve fit equations for corona onset gradients on stranded cables. 

Frequency 
(kHz) Condition Equation 

29 Dry 55.0
135.6

d
Ec +=  

29 Wet 58..0

140.3
d

Ec +=  

43 Dry 50.0
130.8

d
Ec +=  

43 Wet 60.0
120.3

d
Ec +=  

 

These eq arious 
parameters at VLF/LF, as described in the following sections. 

Su s 
It is traditional to use a surface roughness factor (m) to indicate the amount the corona onset 

voltage is reduced over that for a smooth cylinder (Naidu & Kamaraju, 1995, p. 30). This factor 

uations can be used for design. They also provide insight into the effects of the v

rface Roughness and Stranding Factor
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includes the effect of stranding and other surface irregularities such as nicks, scratches, strand 
displacement, and surface contamination, which may be the result of handling during the 
manufacturing, shipping, and installation process. The factor is sometimes called the stranding factor, 
although strictly speaking that should apply to the effect of stranding only. The factor is defined as 
the ratio of the observed critical surface electric field at corona onset for a stranded cable (field 
calculated as if the cable were smooth) divided by the observed critical surface field at corona onset 
for a smooth pipe of the same diameter. The surface roughness and stranding factor is applied as 
follows: 

  ⎟
⎠
⎞

⎜
⎝
⎛ +⋅= 43.0

1225.17
d

mEc   (6-3) 

  where Ec is the onset gradient for a stranded conductor, 
     d is the wire or pipe diameter in centimeters, 
     m is the surface roughness factor, and 
     the equation in the brackets is for a smooth cylinder. 

The stranding effect can be estimated by calculating the maximum surface field on a stranded 
conductor and dividing that into the field on a smooth conductor having the same diameter as the 
maximum diameter of the stranded cable. This calculation provides the inverse of the amount the 
fields are increased by the roughness of the stranding. This factor was calculated for typical stranding 
configurations using a method-of-moments electrostatic computer program and the results shown in 
Table 6-3. 
 

Table 6-3.  Stranding factors for typical cable configurations 
calculated using electrostatic computer program. 

Number of Outer Strands Esmooth/Estrand  
(max dia) 

2 0.727 

3 0.762 

4 0.771 

6 0.779 

12 0.794 

18 0.801 

22 0.808 
 

Measured stranding factors are expected to approximate those calculated; however, they are 
ightly larger. The measured onset fields are reduced ulations indicate. This is 
tributed to the fact that at the maximum surface point (outer most point of a strand) the local fie

fa

sl  less than the calc
at ld 

lls off at a rate faster than 1/r, which requires an increase in the surface field for breakdown as 
discussed in Chapter 2. 

Miller (1957) measured this factor at 60 Hz, and although he called it the stranding factor, his 
measurements included the effect of both surface roughness and stranding. The results are shown in 
Table 6-4. 
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Table 6-4.  Measured surface roughness factors (dry) for stranded cable 
(diameters 0.368 to 2.68 inches), (Miller, 1957). 

Surface Condition Range of Surface Roughness 
Factor 

New clean 0.88 – 0.96 

New as received (some surface damage) 0.53 – 0.73 

Weathered 0.68 – 0.82 
 

Note that for �new clean� conductors special care was taken to avoid and remove surface damage 
and contamination. This is the true stranding factor and Miller�s data indicate that it is somewhat 
greater than that calculated by the ratio of fields. However, the �new as received� cables, wh
typical surface damage and contamination, went into corona at much lower voltages, some nearly
one-half the value for the equivalent smooth cylinder. 

ich had 
 

ars. Extreme care was taken to 
ensure that the surface condition of these cables as tested remained unchanged from that in the field. 
These �weathered� cables have surface roughness factors that lie between the values for �new clean� 

nductors and �new as received� conductors. Miller concluded that weathering decreases the 
su

me cases, �weathering� actually increases the corona onset voltage for cables that are installed 
with scratches and contamination. This is borne out by the fact that the �weathered� conductors 
typically had surface roughness factors greater than that of the �new as received� conductors. The 
increase is attributed to the fact that corona burns off surface irregularities and contamination, 
essentially like the conditioning effect for high-voltage electrodes. At VLF, there is considerably 
more energy in the corona and the conditioning of the cables takes place much more rapidly than at 
60 Hz. At VLF, we found that the corona onset voltage increased after running the cables in corona 
for a few minutes, and after that the corona onset voltage stabilized. For this reason, our standard 
practice was to run the sample well into corona for a few minutes prior to measurements of corona 
onset. 

The stranding-surface roughness factor at VLF/LF can be examined based on the Forestport 
VLF/LF data by taking the ratio of the curve fit equations given in Table 6-2 for stranded and smooth 
conditions. The stranding-surface roughness factor calculated in this way is shown in Figure 6-26.  

The �weathered� cables were taken out of service after 1 to 25 ye

co
rface roughness factor over that of �new clean� conductors, probably due to deposits of oxidation 

and dirt. The surface roughness value for �weathered� copper conductors appeared to be near the 
upper value given in Table 6-4, while the aluminum conductors weathered in industrial areas were 
near the lower limit. 

In so
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Figure 6-26.  VLF/LF stranding factor. 

All of the curves in the figure show that the stranding-surface roughness factor decreases with 
increasing wire diameter. For the dry case, the stranding-surface roughness factors vary from 0.5 at 
the larger diam ote that the 
values for wire diameters below 0.25 cm have been extrapolated because the calculated values in that 
re

randing-surface roughness factor shown in the 
age, corresponding to Miller�s �new as 

re y for 

The stranding-surface roughness factor is closer to 1 for wet conditions than for dry conditions. 
Again, note that this factor decreases for larger diameters. 

The effect of stranding, or surface roughness, appears to be less at higher frequencies, as evidenced 
by the fact that the stranding factor is closer to 1 for the 41-kHz data than for the 29-Hz data. We do 
not have an explanation for this.  

The Effect of Precipitation 
The presence of falling water significantly decreases the voltage level at which corona occurs. 

Rainwater is a good conductor at VLF/LF frequencies. The hanging drops form protuberances on the 
surface of the wire. The electric field is enhanced at the outermost point of the drop. Simple 
electrostatic theory indicates the field at the outermost point would be enhanced by a factor of three 
for hemispherical drops. Actual water drops are nearly prolate spheroidal, and the field enhancement 

eter wires to an estimated value near 1.0 for the smaller diameter wires. N

gion increased rapidly, becoming greater than 1.0, and we do not believe that to be the case. It is 
likely that this factor approaches 1.0 for small diameters, and the figure gives appropriate 
extrapolated values. The fact that the curve fit equations do not show this indicates that these 
formulas may need adjustment to fit better at the smaller diameters. 

The stranded cables used for these tests had some surface damage, although we tried to clean them 
up as much as possible. The low values for the st
figure may be partially due to the presence of this dam

ceived (some surface damage)� category shown in Table 6-4. Again, there is a definite tendenc
this factor to be lower for the larger diameter wires. 
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factor is greater (Richards, 1974). One school of thought is that the reduction in corona onset voltage 
is due to the field enhancement, which causes corona to form on the tips of the hanging drops. 
However, the real explanation is not that simple since water does not emit secondary electrons and 
thus corona does not form on the water surface. Observations confirmed that corona does not form on 
the tips of the hanging water drops. The initial corona occurs for a brief instant in the air below the 
conductor just after a water drop separates. This corona appears to form on the sharp point on the end 
of the falling drop shortly after it separates from the conductor. The distance below the conductor 
where the corona forms is consistent with a reversal in polarity of the VLF waveform. 

Rainfall deposits water on the conductor, which in turn falls off the conductor in the form of drops. 
If the precipitation rate is great enough, continuous water streamers form falling from the conductor.  
These streamers eventually break up into drops some distance away from the conductor. The surface 
electric field causes the water drops to contract in the direction parallel to the surface. This causes the 
drops to be narrower and hang down farther. As the field increases, this change in shape forces the 
larger drops to fall off. A given field forces all drops exceeding a certain size threshold to fall off. 
The stronger the field, the smaller is the threshold (Richards, 1974). When the drops fall off, there is 
a �pfsst� sound accompanying the corona. Thus, when a voltage is suddenly applied to a wet 
conductor, it appears that the high field causes the larger water drops to �spit� off. 

As the voltage is increased, corona forms first as instantaneous flashes on falling drops a short 
distance below the conductor after they have separated from the conductor. As the voltage is 
increased, this corona becomes brighter and lengthens (purple streaks). The starting location of the 
corona moves closer to the conductor surface but does not touch it over a wide range of voltage. The 
coro  
inter end 
of the purple streak moves up to the conductor surface (purple mini-flares). This corona is 

us, self-sustained, and similar to the initial corona that forms for dry conditions, but it occurs 
at a considerably lower level for spray-wet conditions. The level where this continuous self-sustained 

 mini-flares) formed was used as the definition of wet corona onset for the wet 
m

 places where the water streamers were falling, and it appears that 
th

The equations in Table 6-2 have been employed to quantify the impact of spray-wet conditions. 
 the critical onset field for wires, pipes, and cables under spray-wet conditions 

compared to dry conditions is shown in Figure 6-27. For smooth pipes about 1 inch (2.54 cm) in 
r is approximately 0.5. For very small conductors, our data indicate that 

th gh 

na that occurs away from the conductor is associated with falling water drops or streams. It is
mittent and moves around, following the water flow. As the voltage increases, eventually the 

continuo

corona (purple
easurements at Forestport. 

Our observations indicate that these continuous self-sustaining corona streamers or flares have 
their source on the metal surface of the conductor and not from water drops or streamers. However, 
they form in close proximity to the

e ultraviolet radiation from the corona on the falling drops helps to initiate the self-sustaining 
corona at a lower level than when dry. It is also likely that the excess humidity and microscopic 
water droplets near the conductor surface play a part in the reduction of the corona onset level for 
wet conditions.  

The reduction of

diameter, the reduction facto
e presence of falling water actually increases the corona onset field (reduction factor >1), althou

the wire diameter at which this occurs is too small for practical antenna usage. There is a crossover 
point where the factor is 1.0 for wire diameters around 0.2 cm. 
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Figure 6-27.  VLF/LF wet reduction factor. 

One possible reason for the increase in corona onset for smaller wires with wet conditions is that 
surface tension allows the water to cling all around the wires. The water coating does not emit 
secondary electrons, hence does not support self-sustaining corona. Another possible reason is that 
the water coating makes the effective wire diameter larger, thereby increasing the corona onset 
voltage. A third possible reason is that increased humidity increases the corona onset voltage for 
small diameter wires as discussed in the section on humidity later in this chapter. 

Examination of Figure 6-27 shows that the wet reduction factor for stranded cables is much closer 
to 1.0 than it is f t in surface 
perturbations, which causes corona to 

a. 
er 

. 

. 
rs large enough to be practical for use in large antennas, the 

spray-wet corona onset level is considerably reduced from that for dry conditions. Thus, the worst 
design case for corona free operation is spray-wet conditions. Finally, the equations for the corona 
onset level for spray-wet conditions are essentially the same for both smooth and stranded cables, 
independent of surface roughness and frequency (at least up to 50 kHz). 

Rate 

A special series of tests was conducted at Forestport using the inside horizontal test setup to 
determine the effect of the precipitation rate on corona onset fields. Rainfall rate was varied from a 

or smooth pipes. This is because the stranded cables already have buil
form on them at a much lower equivalent field than on smooth 

conductors without water. 

Figure 6-27 indicates that the reduction in the onset field for wet conditions is more at the higher 
frequencies than the lower frequencies for both smooth and stranded conductors. One possible 
explanation for this is that there is more energy in the corona on the falling drops at higher 
frequencies (see Chapter 7) and hence more ultraviolet available to trigger the self-sustaining coron
Another possible explanation is that humidity causes a decrease in the corona onset voltage for larg
wires at higher frequencies, which is also discussed in the section on humidity later in this chapter

Some important conclusions regarding design follow from an examination of the data for spray-
wet conditions shown in Figures 6-22 to 6-25 and the corresponding equations (also in Table 6-2)
First, for pipes and cables with diamete
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very low value (sprinkles) to a relatively high value (several inches per hour). The results of these 
measurements indicate that the corona onset voltage is essentially independent of precipitation rate. 
This is true provided sufficient water is falling to allow formation of drops on the bottom of the 
conductor that occasionally drop off. Thus, for practical purposes, the corona onset voltage is 
independent of rainfall rate over a wide range of rainfall rates. 

Some reduction in flashover voltage was observed at high rainfall rates when continuous water 
streamers formed off the high-voltage electrode, especially if they started near a high surface field 
point and the end of the streamer started to approach electrical ground. The continuous water 
streamer is a good conductor at VLF/LF frequencies, and the electric fields are enhanced as the 
conducting water stream nears ground. For normal rainfall rates, this condition only occurs when the 
electrode is within a foot or so of the ground. Most practical configurations for VLF/LF applications 
have larger gaps, and this condition only occurs during extreme rainfall rates (typhoon or testing with 
a fire hose). 

Figures 6-22 and 6-25 show that the onset field for high relative humidity approaches that for 
spray-wet conditions. This is probably due to the fact that at high relative humidity droplets can form 
in the air and on the surface of the conductor causing conditions approaching dew or light rainfall. 

The Effect of Slope  
Most of the Navy�s VLF/LF antennas have wires and cables that slope. Many of the antennas are 

umbrella top-loaded monopoles, which have top guys that are an active part of the antenna. The
active guys have s oltage for dry 
conditions. Howev rently depending 

easured for both vertical and horizontal configurations 
r horizontal and sloped configurations outside the test facility. The inside 

ve

 about 25o to slightly more than 45o. 

 

d 

the end. This critical angle was on the order of 25o to 30o depending on the rainfall rate and whether 
the cable was stranded or smooth. Nevertheless, for the cases measured, the voltage for wet corona 
onset was independent of rainfall rate and slope to within experimental error. 

The Effect of Caging or Bundling 
It has long been known that putting multiple conductors in parallel cages (bundles) allows higher 

voltage operation without corona (Miller, 1956, Trinh et al, 1973). This is because the multiple 

 
lopes around 45o. The slope of the wire does not affect the onset v
er, for wet conditions, water drops form and fall off the wire diffe

on the slope of the wire. This effect was m
inside the test facility and fo

rtical configuration was described earlier in this chapter (Figures 6-4 and 6-5). The outside sloped 
configuration was also described earlier in this chapter (Figure 4-16). The outside test samples were 
20 feet long and suspended using the winch and utility pole as described in Chapter 5. The lower end 
of the test sample was 10 feet above the ground. The cable slope was adjusted by changing the height 
of the upper end of the cable using the winch. Several samples with different diameters were 
measured at slopes from

The tests also examined the interaction of water with the conductors. When the conductors were 
vertical, the water did not drip off the wire but ran down to the end of the wire. For horizontal 
conductors, all the water falls off in drops or streamers. Nevertheless, for spray-wet conditions, the
measured surface electric field necessary to form wet corona (as defined in Chapter 5) was found to 
be the same for both vertical and horizontal configurations. 

When the conductor is sloping, the water both falls off in drops or streamers and runs down towar
the lower end. For each condition and spray rate there was a critical slope below which the water fell 
off the conductor as drops and streamers, and above which all the water ran down the conductor to 
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conductors shield one another, reducing the surface fields. Further discussion of this was given in 
Chapter 4, in which an approximate formula for the maximum surface electric field on a cage of 
wires was derived. This formula, called the complete Modified Simple Geometric Theory (MSGT) 
formula, namely 
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  where  V is the voltage on the cage, 
     n is the number of conductors in the cage 
     a is the radius of the conductors   
     b is the radius of the cage, 
     h is the height of the cage, and 
     aeqC is the equivalent radius for capacitance of the cage. 

The equivalent radius for capacitance is the radius of a single cylindrical conductor that has the 
same capacitance per unit length as the cage. The formula defining the equivalent radius for 
capacitance is given below. 

  ( ) nn
eqC bana /11−⋅⋅=  

The equivalent radius for capacitance is greater than the radius of a single conductor but 
the cage radius b. 

Miller (1956, Figure 6) indicates that the critical surface field for corona onset for wires in a cage 
surface field for a single wire in the cage, but equal to the critical 
 a radius equal to the equivalent radius for capacitance of the cage aeqC. 

T , as 

e critical 
ld for wires in a cage should be the same as that for an individual wire. The corona 

stranded cable. A picture of one of the cage configurations tested is shown in Figure 6-28. Several 
cage diameters were tested with spacing that varied from 4 to 24 inches. Corona onset was also 
measured for a single 1-inch stranded cable.  

less than 

is not the same as the critical 
surface field for a wire having

his is a surprising result, and measurements made at Forestport indicate that this is not true
discussed below. 

The critical surface field for corona onset is a function of the field distribution immediately around 
the wire as discussed in Chapter 2. Thus, if the cage configuration materially changes the field 
distribution around the wires it could change the critical surface field required for the onset of 
corona. However, calculations show that for practical cage configurations the field distribution 
around the wires in a cage is essentially the same as for a single wire. This implies that th
corona onset fie
onset voltage is of course higher for the cage because of the reduced fields on the individual wires. 

A series of measurements of corona onset for several cage configurations were made at Forestport 
using the outside horizontal configuration (Figures 6-1 and 6-2). The data are included in Appendix 
6A with the date 27 October 94. The cages consisted of two, three, and four conductors of 1-inch 
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Figure 6-28. Four-wire cage, outdoor test setup. 

es for the cages and single cable were measured and the data reduced to 
cal gradient (surface electric field) for corona onset. The cages were relatively close to 

th

The corona onset voltag
obtain the criti

e ground (approximately 10 feet) for this test configuration. The field on the lowest cable was 
somewhat greater than on the other cables because it was closer to the ground. The fields were 
calculated using a two-dimensional electrostatic computer program, rather than the formula given 
above, in order to take this into account.  

The formula works well for cages that are mounted at higher elevations, as would be the case for 
actual antenna or power line installations. A simplified formula, useful for practical design, which 
gives the optimum spacing for the wires in a cage above ground derived in Chapter 4 is repeated 
here. This spacing (Smin) is optimum in the sense that it results in the minimum surface electric field 
on the cage wires. Smin varies logarithmically with height and for 3 < n < 6 and is given by the 
following normalized formula: 

  ⎟
⎠
⎞

⎜
⎝
⎛⋅=

10
/210min ahLog

a
S

 

  where   Smin is the wire-to-adjacent-wire spacing in the cage, 
     h is the height above ground, and 
     a is the individual wire radius. 

 a 
 

As an example, consider a cage constructed with wire having a 0.02-meter radius, and located at
height of 10 meters above ground. The optimum wire-to-adjacent-wire spacing in such a cage is seen
to be 20 wire radii or a distance of 0.4 meters. 
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The processed data for the cage tests are shown in Figure 6-29. The data show that the critical field 
for the onset of corona on cages under wet conditions is the same as for a single cable. The data for 
dry conditions are similar but have considerably more variability, which is attributed to the high 
humidity (dew) associated with the outside measurements in the evenings. 
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Figure 6-29.  Cage data wet and dry at 27.5 kHz. 

Thus, for practical cage designs, the critical field for corona onset is the same as that for a si
conductor for both wet and dry conditions. The maximum field on the surface of wires in a cage 
configuration is considerably less than that on a single wire in the same location, as indicated by the 
MSGT formula given above. Thus, the corona onset voltage for a cage is considerably greater than 
that for a single wire. 

ngle 

The Effect of Frequency 

nction 
of frequenc

f 

arge range of 
fr  

ced to 

Introduction 

There has been considerable study of the breakdown (flashover) of uniform field gaps as a fu
y. As frequency is increased, the peak breakdown voltage in a uniform field is the same as 

at dc for quite a large range of frequencies, including power system frequencies. Meek and Craggs, 
(1978, p. 539) state that the breakdown voltage is the same as at dc for frequencies up to the order o
1000 Hz. As the frequency is increased beyond 1000 Hz, the breakdown voltage decreases but not 
greatly until the frequency exceeds 100 kHz. The transition region extends over a l

equencies, and the starting point depends on the gap length. For example, Reukema (1928) found
that there was no appreciable change in breakdown voltages between sphere gaps of up to 2.5 cm for 
frequencies as high as 25 kHz. From 20 to 60 kHz, the breakdown voltage is progressively redu
about 15% below the 60-Hz value. At higher frequencies, up to 425 kHz, the breakdown voltage 
remained approximately constant.  
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Corona forms prior to flashover when the field is sufficiently non-uniform. The processes involved 
at corona onset are essentially the same as those that result in breakdown in a uniform field. Thus, the 
fr  

r, at VLF and LF, depending on the length of the active region, the ion mobility is such that 
 of the active region within a half cycle. This leads to space charge buildup 

ju ed 

DC 

 

tric 
m in the 

en

e 
 of visible corona for this case. The uniform glow on the surface is known as Hermstein 

gl

 

 

equency variation of corona onset is expected to follow that for uniform field breakdown. The data
presented below are consistent with this concept. 

However, for non-uniform fields at dc or low frequency the voltage level required to break down 
the gap can greatly exceed the corona onset level and is in fact mainly a function of the total gap 
distance. At low frequencies, the mobility of the slower ions is such that they can move completely 
out of the active region within a half cycle and the breakdown phenomena is the same as at DC. 
Howeve
they are not all swept out

st above the initial ionization level. In non-uniform gaps, this space charge results in enhanc
fields at the surface.  This usually results in flashover at a much lower voltage than at low frequency. 

The amount that the breakdown is reduced below the dc (or low frequency level) depends on the 
frequency and gap geometry. For non-uniform field gaps, there is little variation of the corona onset 
level with frequency up through LF. However, the breakdown (flashover) level in non-uniform field 
gaps can be considerably lower at VLF/LF than at 60 Hz. This is because at the higher frequencies 
space charge builds up, which enhances the fields and reduces the flashover voltage. Thus, there is a 
marked difference between the frequency variation of corona onset and the frequency variation of 
flashover. This difference is part of the confusion about the frequency effect at VLF/LF. 

Description 
The appearance of positive and negative corona on wires is distinctly different. Positive corona 

appears as a uniform bluish-white sheath over the entire surface of the wire. Positive corona can also
form individual long bright zigzag streamers. Negative corona appears as separate reddish glowing 
spots or small streamers at localized discrete spots distributed along the wire with the number of 
spots increasing with voltage. 

The localization of negative corona is attributed to the effect of residual space charge. During an 
initial avalanche, slow-moving positive ions form near the electrode surface, enhancing the elec
field. The result is that all of the secondary electrons resulting in further avalanches for

hanced field region. Thus, the streamers initiating electrons originate from a small local region 
(spot). The region beyond the cloud of positive ions has a reduced field, and a cloud of electrons 
tends to form there, restricting the growth of the streamers. Thus, negative corona predominantly 
consists of small current pulses (Trichel pulses). 

For positive corona, initiating electrons are distributed over the entire ionization region. There ar
two types

ow (positive continuous glow corona) and is formed by small avalanches covering the positive 
surface. The second type of positive corona occurs as a long bright streamer. These long streamers 
consist of plasma filaments that carry their own ionization region and propagate rapidly toward the
lower field region. The concentrated region of positive ions formed by these large avalanches 
simulates a sharp electrode extension with the associated enhanced field at the front. Further 
ionization in this intensified field may extend the spike and form a self-propagating streamer. These
streamers result in current pulses 8 to 30 times as large as the negative corona current pulses (Qin, 
1993). 
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The level of onset for corona is slightly different for positive and negative polarity depending 
the diameter of the wire. Positive corona tends to form first (at lower voltage) for larger wires, and
negative corona tends to form first for smaller wires. The presence of surface irregularities al

on 
 

so can 
af

wn in 
 

tly lower level than did positive corona for both the wet and dry cases. This 
is  

 

 

fect which polarity of corona forms first, with sharp irregularities tending to form negative corona 
first. 

Measurements 
Figure 6-30 contains the results of dc measurements made using a special coaxial setup sho

Figure 6-31 (Schukantz, 1993). The measurements were made with relatively small-diameter wires
(0.04 cm to 1.27 cm). The measurement results for dry conditions show good agreement with the 
calculations of Sarma and Janischewskyj (1969). Our dc measurements indicated that negative 
corona formed at a sligh

 expected for the relatively small-diameter wires measured. In Figure 6-30, the slope of the positive
and negative corona onset curves indicates that these curves cross over, and for larger diameter wires
positive corona probably forms at a lower level than negative corona. The figure shows that this is 
true for the largest diameter measured (1.26 cm diameter) for both wet and dry conditions. 

The appropriate formulas from Table 6-2A, labeled �Watt Formula,� have also been plotted in 
Figure 6-30 for comparison. For dry conditions, the dc measurements correspond very well to the
VLF/LF formula. For wet conditions, the VLF/LF formula is slightly above the dc positive onset 
curve. 
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Figure 6-30.  Dc corona onset measurements compared to theoretical results. 
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Figure 6-31.  Coaxial cylinder dc corona test setup. 

60 Hz  

Description 
The appearance of 60-Hz corona is the same as at dc, except that at 60 Hz the corona from both 

polarities is seen at the same time. For smaller wires, the negative corona appears first (at lower 
voltage), and as the voltage level is increased, positive corona appears. The opposite is true for larger 
diameter cylinders. 

Dry Measu
For smo measurements available to us are those done by 

Pe

rements  
oth dry cylinders at 50-60 Hz, the best 

ek (1929) and Schuman (1924). These results were discussed in Chapter 2 and are displayed in 
Figure 6-32. Note that there is quite a bit of scatter in Peek�s 60-Hz data, while Schuman�s 50-Hz 
data appears to be very self-consistent (i.e., forming a smooth curve). The best simple exponential 
curve fit to Schuman�s data is given by the following formula: 

  
4096.
88.1879.25E +=

dc
 Volts peak / cm  (6-4) 

This indicates that Schuman�s data is asymptotic to a value of 25.79 kV/cm. This value is greater 
than the expected value of 24.4 kV/cm for dry air. At low frequency, the addition of humidity to the 
air increases the breakdown level, and it is likely that Schuman�s data is higher than 24.4 kV/cm 
because of ambient humidity, which was not recorded. However, the difference could also be 
calibration error, as Schuman made these measurements in 1924 and the calibration was done using 
sphere gaps. 
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Schuman did not measure wires with diameters less than 0.1 cm. However, there are some 60-Hz 
data available for small wires from measurements made by Miller (1957) and some 50-Hz 
measurements (Bright, 1950), which are also shown in the Figure 6-32. A piecewise curve fit 
formula has been developed to fit Schuman�s data along with data of Peek (1929), Miller (1957, and 
Bright (1950) for the smaller diameters. This curve fit (labeled �Schuman + Peek & Bright� in Figure 
6-32) will be used for comparison to measured VLF/LF data. 

Wet Measurements  
Very little data is available for corona onset on wet smooth conductors at 60 Hz. Peek made 

measurements of corona onset for wet wires for only two diameters. The two data points are shown 
on Figure 6-33 (Peek, 1929). However, as seen in the figure, the corona onset for Peek�s data at the 
two diameters is much below the measured corona onset at VLF/LF. This is attributed to the fact that 
Peek�s definition of corona onset was probably different than the one used for the VLF/LF 
measurements. For example, corona onset defined by the first appearance of sparklers on falling 
drops will have a much lower onset voltage than results obtained using our definition.  

Peek derives a formula that fits his two data points given below: 

  
338.1.3

dc
 

t Peek specifically left the effect of air density out of this formula becau

18E +=

Note tha se it is not certain 
ho n 

 
w air density affects the performance under spray-wet conditions. Peek�s formula has also bee

plotted in Figure 6-33 but, as can be seen, for diameters of practical interest it is an extrapolation and
therefore not useful for comparison to VLF/LF data, even if the definition of corona had been the 
same. 
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Figure 6-32.  50- and 60-Hz dry corona onset measurement comparison. 

ade measurements of smooth dry cables and corona onset measurements for 
la  

for smooth dry conductors, also shown in Figure 6-33. Note that 
th  may 

Miller (1956, 1957) m
rger diameter wet stranded cables. He found that the level at which corona formed on wet stranded

cables was below the corona onset level for dry stranded cables by a factor of 0.16 for cables of 
practical sizes larger than about 2 cm. Using this value, an estimated value of 60-Hz corona onset has 
been developed using Miller�s data 

e corona onset levels observed by Miller are also much lower than observed at VLF/LF, which
be due to a different definition for corona onset. 

In summary, we do not have suitable 60-Hz corona onset data to compare with the measured 
VLF/LF data to determine the frequency effect for corona onset for wet cables. As an alternative, we 
have considered the effect observed when the frequency is shifted from VLF to LF. 
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Figure 6-33.  Wet corona onset measurements, smooth conductors, VLF/LF and 50–60 Hz. 

VLF/LF 

Background 

Because of the limitations of the Forestport test cell, data is available at only a few VLF/LF 
frequencies. To characterize the frequency effect at VLF/LF, it is desirable to make the 
measurements at both VLF/LF and 60 Hz using the same test setups. Unfortunately, Forestport does 
not support 60-Hz measurements. 

There is some past data for the corona onset level on smooth dry pipes at 60 Hz, and a comparison 
of the 60-Hz data to the Forestport VLF/LF data will be used to estimate the frequency effect for 
these conditions. There are no 60-Hz data available for the onset level for wet conditions for either 
smooth, stranded, or rough surfaces for comparison to our measurements.  

Measurements 

Smoo

 for 
cies.  

tted 

th Dry Conductors 

The Forestport data that best show the effect of frequency on the corona onset level for wires, 
pipes, and cables at VLF were measured using the inside horizontal configuration. Measurements
this test configuration were taken for a wide range of diameters at two or three VLF/LF frequen

The �corrected� corona onset data, developed from the air density experiment described earlier in 
this chapter, have been averaged over the measurements at the three densities. This average is plo
as a function of diameter in Figure 6-34. Also included in this figure are the 29-kHz data for the low-
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humidity case. For comparison, Figure 6-34 includes both the Watt curve fit formula (Table 6-2A)
for the 29-kHz (smooth dry) and the 60-Hz formula, which is the piecewise curve fit formula 
presented in Figure 6-32 (Schuman + Peek & Bright curve fit). 
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Figure 6-34.  VLF/LF corona onset field level compared to formulas. 

Note that the Watt formula is a good fit to the averaged �corrected� air density VLF/LF data but 
that both the formula and data are well below the 60-Hz curve. The available 50�60 Hz data contain 
some uncertainty due to the method of calibration and the fact that the humidity level was not known. 

able for development of an estimated frequency correction 
using the averaged 

co
he 

ncy 

e 60-Hz value.  

However, they are the only data avail
factor. An estimate is given by the ratio of the corona onset level at VLF/LF 

rrected air density data to the corona onset level at 50�60 Hz value using the piecewise curve fit 
formula for 60 Hz (Schuman + Peek & Bright). Figure 6-35 shows this correction factor. From t
figure for smooth dry conductors at 29 kHz, over the range of diameters measured, the freque
correction factor is approximately 0.92 or 8% below the 60-Hz value. The frequency correction 
factor for 47 kHz is similar except that for wire diameters greater than about 3.1 cm it appears to 
drop down to 8% of th
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Figure 6-35.  Observed frequency correction factor, smooth dry. 

0-
Hz data discussed above. The figure also includes some other data taken inside at 29.0 kHz. Note that 

ured (0.68 cm) was stranded. All other conductors were 
smooth. 

 

. 

Smooth Wet Conductors 

Corona onset for smooth conductors under wet conditions was measured using the outside test cell 
at frequencies of 27.8 kHz and 43 kHz. The data are shown in Figure 6-33 along with Peek�s wet 6

the smallest diameter conductor meas

As an alternative to 60-Hz data, which is not available, the measured data for 43 kHz has been 
compared to the data for 27.8 kHz and the results shown in Figure 6-36. These results show that for 
smooth wet conductors the corona onset level at 43 kHz is 12% below the onset level at 27.8 kHz. 
The data given in Figure 6-36 show that the difference in corona onset level for wet stranded 
conductors at these two frequencies is minimal, except for the largest diameter. Some of the effect on
corona onset for wet conditions is caused by humidity, which is assumed to be 100% for spray-wet 
conditions. As will be discussed later in this chapter, at VLF/LF humidity appears to reduce the 
corona onset voltage for larger diameter wires. This is opposite of the effect of humidity at 50 to 60 
Hz and may be the cause of the reduction observed in the one data point for wet stranded conductors
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nset level for the stranded conductors taken 
during the air density test has been averaged at both 29 kHz and 43 kHz and is shown in Figure 6-37. 
N

 

S

 40 kHz for the stranded cables. 

Figure 6-36.  Frequency effect for smooth wet conditions. 

Stranded Dry Conductors 

For stranded cables, the breakdown voltage (or field) is a function of the cable stranding 
configuration and surface condition. The dry corona o

ote that the since this data was taken with stranded cables it has not been corrected for air density. 
The figure shows that there is little, if any, difference between the corona onset levels at these two 
frequencies. This may be related to the fact that the air density correction factor of chapter 3 does not
appear to apply to stranded cables over the range of density variations available in these 
measurements. 

tranded Wet Conductors 

Data for wet stranded conductors are also shown in Figure 6-37. Again, these data show that there 
is very little difference in the corona onset level between 29 kHz and
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Figure 6-37.  Frequency effect for stranded cables, wet and dry. 

The Effect of Humidity 
Introduction 

The behavior of corona inception or breakdown in humid air is much more complex than for dry 
air. The addition of water vapor increa ixture of gases 
that compose atmosphe dividual parameters 
af

 

n the air changes the fundamental curve of 
br gth. 

t 

ngth on humidity involves the electron 
at  

ules 
(Hatano, 1986; Shahin, 1969). The interaction between the various components in the gas is 

 
ses the humidity of the air.  This changes the m

ric air.  The difference in the gas makeup changes the in
fecting breakdown. These parameters include the ionization coefficient (α), the electron attachment 

coefficient (η), the photon absorption coefficient (µ), and the mobility of both types of ions and 
electrons (V+, V-, and Ve). These parameters are all functions of the applied electric field, air density, 
and humidity. These parameters and the distribution of the electric field in the gap determine the 
level at which breakdown occurs and the nature of the breakdown. The presence of water vapor also
changes the reactions involved with the generation of ions. This changes the makeup of the ionic 
species, which also results in changes to the breakdown characteristics (Poli 1985). 

The net result is that changing the amount of humidity i
eakdown voltage versus gap length (Paschen curve). The change is a function of the gap len

There are other effects that depend on the gap geometry and waveform, which leads to complicated 
behavior as a function of humidity. For example, for very small wires the corona onset voltage 
decreases with increased humidity, but for larger wire it increases with increased humidity (Gallo e
al., 1969; Abdel-Salam, 1985).  

In general, the addition of humidity increases the breakdown strength of air at low frequencies. 
The major mechanism for the dependence of breakdown stre

tachment rate (η). Van der Waals molecules such as O2, N2O, CO2, and H2O have greatly enhanced
rates of electron attachment compared to the attachment rate with ordinary isolated single molec
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complicated and incompletely understood. The presence of water vapor seems to greatly increase
rate of the formation of negative oxygen ions, which are not stable and shed the electron with t
constants less than 100 pico seconds. Though this time constant is short, the net effect of increasing 
humidity is to increase the absorption rate of electrons. This 

 the 
ime 

results in greater breakdown strength at 
dc

l 

; 

bers of 
sm

ed 
 

current as a function of voltage in humid air for a positive wire above a ground plane. He included 
ption rate with increasing humidity, which, as Kuffel 

in

er wires but decreasing inception voltage with increasing humidity for 
smaller diameter wires. These theoretical results are in agreement with both the measurements of 
Gallo et al. (1969), which show decreasing corona idity for small 
wires.  Measurements at 60-Hz  on larger wires show increased corona onset voltage with increased 
humidity. 

erms of 

s not known, it is well known that increasing humidity at dc and 60 Hz 
increases the

 and low frequency because the net ionization coefficient (α � η) is reduced, increasing the field 
necessary to cause avalanches. However, at the same time, this process leaves an increased number 
of residual negative ions that can reduce breakdown strength at higher frequency because the residua
charge enhances the effective local field when the polarity is reversed. 

Another proposed mechanism for increased electron attachment rates involves the direct 
attachment of electrons to the water molecules (Banford & Tedford, 1977; Klots & Compton, 1978
Parr & Moruzzi, 1972; Kreuger, 1991, p. 85). Experiments indicate that a single water vapor 
molecule cannot absorb an electron. However, aggregate molecules of water (H2O)n are thought to be 
very effective at forming negative ions. At moderate humidity levels and room temperature, 
especially where the water vapor is approaching condensation, there are likely to be large num

all aggregates (Elford, 1991). The negative ions formed by water aggregates are likely to have 
very slow drift velocities. 

Kuffel indicates that increased breakdown voltage with humidity may be due to both increas
electron attachment and a reduced secondary ionization coefficient due to the absorption of photons
by water vapor molecules (Meek & Craggs, 1978, p. 421). 

Abdel-Salam (1985) developed a method for calculating both the inception voltage and corona 

the effect of an increasing photon absor
dicated, reduces secondary electrons. However, the absorbed photons also liberate electrons 

(photoelectrons) that are distributed throughout the ionization layer. Abdel-Saam�s calculation 
indicates that the distribution of these photoelectrons depends strongly on gap geometry and plays a 
very important role in determining whether the inception voltage increases or decreases with 
increasing humidity. His theoretical results show increasing inception voltage with increasing 
humidity for large diamet

onset voltage with increased hum

Gosho and Saeki (1985) propose yet another way that humidity may affect breakdown. They 
propose that the surfaces of the electrodes absorb water when humidity is present and that the 
absorbed water somehow increases the production rate of initiating electrons from the surface. 

One interesting dilemma is that most of the results reported give the effect of humidity in t
the absolute humidity in g/m3. This is reasonable in that it implies that the effects are tied to the 
constituency of the gas. However, the measurements by Gallo et al. (1969) indicate clearly that the 
corona phenomenon is a function of relative humidity and not absolute humidity.  

Even if the exact cause i
 breakdown level for practical gaps and wire sizes. This is reflected in the various 

humidity correction factor curves that have been developed (Cobine, 1958, p.183) and that are 
included in various high-voltage testing standards (see Chapter 3). However, at the Forestport test 
facility, it was observed that humidity has the opposite effect at VLF/LF, reducing the breakdown 
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level significantly. It follows that if humidity increases the breakdown level at 60 Hz but reduces it a
VLF/LF, humidity must play a significant part i

t 
n the observed frequency effect. 

t 
 

ct. 

 

d 

coefficient (α - η) as a function of humidity. They concluded that the presence of water vapor in the 
air effectively reduces the number of free electrons. Their measurements indicate that the mechanism 
for this reduction is a process that reduces the recombination rate of negative oxygen atoms. They 
propose that collisions with water vapor molecules convert the unstable negative oxygen ions into a 
more stable state, greatly reducing the rate at which the ions give back the extra electron. 

The value of the field at which the effective ionization coefficient (α - η) equals zero corresponds 
to the fundamental breakdown strength of the gas, which is the breakdown field for a very large 
uniform field gap. Verhaart and van der Laan observed that the critical value for dry air is 31.8 
V/cm/Torr, which corresponds to 24.16 kVp/cm at STP. The critical value observed for humid air 
was 34.5 V/cm/Torr, corresponding to 26.22 kVp/cm at STP. They found this to be independent of 
the amount of water vapor when the vapor pressure was between 0.05 and 11.25 mm Hg at 778 mm 
Hg total pressure. The increase when humidity is present equals 8.5%, and this is the expected value 
for the increase of the dc breakdown field in a large gap. The increase for smaller gaps may be less. It 
is somewhat surprising that this result is independent of humidity. However, as shown below, both 
the 60-Hz continuous wave breakdown voltage and the low-probability breakdown voltage for 
impulse waveforms have only a small dependence on the amount of humidity present. 

The asymptotic value for breakdown across large gaps should correspond to the asymptotic value 
for corona onset on large cylinders. Verhaart and van der Laan (1984) indicate that this asym
atmospheric air (containing normal amounts of humidity) is expected to be 26.2 kVp/cm at STP as 
opposed to 24.4 kVp/cm for  air, this provides a possible 
explanation as to why his 60-Hz corona onset data are asy  instead of 24.4 
kVp/cm. 

Dc measurements of corona onset on wires above a ground plane have been undertaken by Gallo et 
al. (1969) as a function of temperature and humidity. These measurements indicate that for very thin 
wires the inception voltage decreases significantly with increasing humidity for both positive and 
negative polarity. They also made an extensive set of corona current versus voltage measurements 

The section below presents the results of measurements of the effect of humidity at dc and 60 Hz 
gathered from the literature. This is followed by the results of VLF/LF corona onset measurements a
Forestport designed to observe the effect of humidity. The Forestport measurements indicate that the
effect of humidity at VLF/LF is relatively complicated and plays a large part in the frequency effe
A section  follows that includes a discussion of theoretical considerations and how they relate to the 
observed frequency-humidity measurements; our overall formulation for these effects follows that. 

DC 

Dc measurements of the Townsend current have been used to determine the ionization and 
attachment coefficients (α and η). Measurements by Davies (1990) show that the electron attachment
rate (η) increases when moisture is present. The amount of the increase is a function of the electric 
field, increasing rapidly with field strength. A partial explanation for this is contained in Verhaart an
van der Laan (1984). They used dc measurements to determine the value of the effective ionization 

ptote for 

dry air. If Schuman (1924) used atmospheric
mptotic to 25.8 kVp/cm

and found that the variation with humidity follows relative humidity and not absolute humidity. They 
attribute this to the greatly reduced mobility of the positive ions when they combine with the polar 
water molecules, known as hydration. This process is most important for positive corona (Shahin, 
1969). For negative corona, they speculate that the free electrons may be subject to hydration and 
absorbed to form negative ions. 
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Gallo et al (1969) also made observations of the uniformity of the corona along the wire as a 
function of humidity and found that the both the appearance and the uniformity of the corona was 
affected by the humidity. The changes were most closely correlated with relative humidity.  

For thicker wires, it is well known that the corona inception voltage at dc and 60 Hz increases with 
increasing humidity. Abdel-Salam (1985) calculated corona onset with positive polarity for both thin 
and thick wires as a function of relative humidity. The calculations showed a significant reduction in 
the onset voltage with increased humidity for thin wires. For example, at 88% relative humidity the 
calculated inception voltage was less than 75% of the calculated value for dry air. This is in 
agreement with the measurements of Gallo et al. (1969). For the larger (1-inch) diameter wire, the 
calculated curve shows a nearly linear increase with humidity. The slope of the calculated curve for 
the larger diameter wire agrees well with the measured breakdown in small gaps at 60 Hz (Kuffel and 
Zaengle, 1984, p. 104) 

Gosho and Saeki (1985) made dc measurements using a negative point plane geometry. The point 
had a very small radius (0.08 m). They found that the pre-breakdown current increased significantly 
with increased humidity. This result is consistent with the results of (Gallo et al.) for small diameter 
wires. Gosho and Saeki measured the statistical time lag for flashover and found that it was 
considerably reduced by humidity. They also note that with increasing humidity, the Trichel pulse 
frequency increased and the onset level for continuous corona was reduced. They attribute their 
results to increased electron emission from the electrode surface due to absorbed water vapor. They 
note that the increase in hum al irradiation.  

Impulse Breakdown 

The effect of humidity on breakdown for transients depends on the definition of breakdown, the 
waveform, and the gap. The test standards define waveforms such as lightning and switching 
transients in terms of their rise and fall times. The standard correction factors for impulses are 
specified for V50 (the peak voltage that will break down the gap 50% of the time) for various 
waveforms. Gap geometry does have an affect, but it is not a strong function of gap length (Cobine, 
1958, p. 182).  

Cobine (1958) reports the results of the early development of correction curves for the effect of 
humidity. He states that the correction factor depends on the nature of the gap and on the presence of 
insulating material in the field, such as the flashover path of an insulator. For surge or impulse 
waves, the correction factor depends on the wave shape and the observed time lag of breakdown 
(Curtis, 1928). Cobine gives a set of correction curves for the various conditions. These are 
referenced to a correction factor of 1 at �standard humidity,� which is taken to be a water vapor 
partial pressure of 0.6085 inches Hg. This corresponds to 1.54 cm Hg and a relative humidity of 
47.7% at STP (20° C) or 64.7% at STP (25 ° C). The correction factors vary + 

idity is equivalent to that of providing extern

8% or more with 
humidity, depending on the gap configuration and waveform. All of the correction factors given by 
Cobine show increasing breakdown strength with increasing humidity. 

Several experiments involving humidity variation were conducted at the University of Sw nsea in 
Wales. These experiments were performed in a specially constructed chamber 1.2 meters internal 
diameter and 3 meters in heig owed the humidity in the 
chamber to be adjusted to maintain the dew point constant to within 0.1° C (Davies et al, 1989). This 
chamber allowed the environmental conditions to be much more closely controlled than in the 
normal high-voltage laboratory. Tests with this chamber have smaller confidence intervals than 
experienced in open laboratory tests.  

a

ht with a closed-loop control system that all
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Many tests were done using this chamber with the temperature near 20° C, which limits the 
maximum absolute humidity to about 17 g/m3. These tests indicated that the 50% breakdown voltage 
for impulse waveforms increased nearly linearly with absolute humidity. These tests were then 
repeated at 30° C, which allowed a maximum humidity of approximately 30 g/m3, and the linearity 
was found to extend to the higher humidity levels (Figure 6-38). The 1989 data were taken using a 
positive polarity switching impulse waveform (100/2500 µs) applied to a 5-cm diameter sphere 20 
cm above a ground plane. These measurements, taken at 30° C, have a rate of voltage increase that is 
approximately 1.8% per  g/m3 increase in humidity referred to the standard humidity of 11 g/m3. 
Davies et al. (1989) found the slope of their data to be about twice that of the CEA/IEC standard 
(1989, 1994) humidity correction factor for switching impulses. 
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Figure 6-38.  The effect of humidity on the breakdown strength of air for impulse 
waveforms (after Davies et al. 1989). 

In a different test, Davies et al. (1991) measured the 50% breakdown voltage for positive polarity 
switching impulses at temperatures near 20° C and found the increase rate to be 0.98% per g/m3. This 
compares favorably to both the IEC standard and positive polarity switching transient measurements 
using a 20-cm rod-plane gap by Soetjipto et al. (1987) that gave an increase of 1.06% per g/m3. The 
difference between these two measurements is not explained, and it may be due to differences in gap 
geometry or waveform.  

Later, using a new chamber, they measured the breakdown voltage for a positive lightning impulse 
(0.88/45 µs) applied to a 2-cm rod with a hemispherical end cap located 20 cm above a ground plane 
(Davies et al., 1991). These tests were done with the temperature near 20° C. The data for V50
the lightning impulse are shown in Figure 6-38, and have a slope of approximately 0.69% per g/m3. 
This in m, 
being greater for pulses with faster rise times. 

 with 

dicates that the slope of the breakdown level versus humidity is a function of the wavefor
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Figure 6-39.  The effect of humidity on the breakdown strength of air for transient 
waveforms as a function of probability level (after Davies et al. 1991). 

D
ver  
pro down are shown on Figure 6-39. The slope of the curve fit to the 1% breakdown 
lev
sec
bre  the 50% measurements), so the confidence level of the 
es

wn level for pulses corresponds more nearly to the withstand level 
for CW signals. Davies et al. (1991) observed that the low probability of breakdown voltage is 
almost independent of humidity as long as the humidity is above a minimal level. This is consistent 
with the findings of Verhaart and van der Laan (1984) mentioned above. The corresponding mean 
field strength at withstand found by Davies et al was 5.03 kV/cm, which agrees with the nationally 
recognized withstand level of 5.0 kV/cm associated with positive streamer propagation for dry 
conditions. 

Meek and Craggs (1978) report the results of several investigations into the effect of humidity on 
impulse breakdown. On page 640, they give a curve of humidity correction factors for dc and power-
frequency voltages and for impulse voltages. On page 642, they report on several experiments 
involving the effect of humidity. One of these experiments involving rod-plane and rod-rod gaps 
between 20 and 80 cm long used lightning and switching transients of both polarities. The results of 
these measurements indicate that the humidity correction factor does not change much with gap 
length. The breakdown for positive polarity was found to be more affected by humidity than for 
negative polarity. In addition, switching-impulse breakdown was found to be more affected by 
humidity than dc and power frequencies. Another finding showed that if humidity effects were 
measured in an enclosed system, errors occurred due to the effects of residual discharge products, 
which typically reduce the onset voltage for breakdown.  

avies et al. (1991) also measured probability levels other than 50% and found that the slope 
sus humidity level decreases with decreasing probability level. Their data for 1%, 5%, and 50%
bability of break
el has a slope of 0.11% per g/m3, which is on the order of that measured at 60 Hz (see 60-Hz 
tion below). It should be noted that the variability of the measurements of low-probability 
akdown is high (much greater than for

timated slope is reduced. 

The low-probability of breakdo
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Poli (1985) provides a very interesting set of measurements designed to examine the effect of 
humidity on corona formation for impulses. The test setup was a positive polarity rod-plane gap 
consisting of a 2-cm diameter rod with a hemispherical end cap located 40 cm above the ground 
plane. The relative frequency of corona formation and the statistical time lag to corona formation 
were measured for three levels of humidity. The corona onset voltage is represented by the 
extrapolated zero-probability corona inception voltage and is given in Table 6-5 below. Note that the 
corona inception voltage does increase with increasing humidity consistent with the measurements 
for dc, 60-Hz, and low-probability impulse breakdown. However, the slope inferred from Poli�s data 
is only 0.06% per g/m3; about one-fourth of that observed for the dc and 60-Hz breakdown 
measurements. In addition, Poli found that the statistical time lag for corona formation increased with 
humidity. This is in contrast to Gosho and Saeki (1985) who found that the statistical time lag for 
impulse flashover was greatly reduced with increased humidity. However, both of these authors find 
the production of initiator electrons to increase with increased humidity.  
 

Table 6-5.  Corona onset for 2-cm rod-plane gap 40-cm above-ground positive polarity 
impulses (after Poli, 1985). 

Humidity (g/m3) Threshold Voltage Vs (kVp) Ratio 
Vs/71 

7.5 026  71.18 1.0

13.5 71.34 1.0048 

19.5 71.68 1.0095 
 
60 Hz 

Cobine (1958, p. 182) reports that Frank made measurements of the effect of humidity on corona 
formation and found that the initiation voltage increased by about 3.5% when the relative humidity 
increased from 0 to 100%. The increase was essentially linear with humidity and nearly independent 
of electrode shape and gap length. 

Kuffel and Zaengle (1984, pp. 103-105) include a discussion of the effect of humidity on the 
breakdown level at 60 Hz. Kuffel made measurements using sphere gaps sized between 2 and 25 cm 
diameter at various spacings. He found no uniform dependency for the change in breakdown voltage 
with gap length. This is not surprising since the addition of humidity changes the gas constituents and 
hence the Paschen curve of breakdown voltage versus gap length. This implies that the change in the 
breakdown voltage for the new gas mixture can be different for each gap length. Kuffel�s 
measurements at 60 Hz indicated that for a given humidity the breakdown voltage increased with gap 
length up to a certain critical length, where it peaked. The breakdown voltage then decreased for 
larger gaps. This introduces the very important concept of a critical gap, which is discussed in a later 
section. 

For a given gap length, Kuffel found that the rate of increase in breakdown voltage was alwa s 
greatest between 0 to m Hg. The 
breakdown voltage increased approxi
spacing was less than that having the maximum breakdown voltage. There was less linearity for 

y
 4 mm Hg humidity and was less for humidity larger than 4 m

mately linearly from 4 mm Hg to 17 mm Hg as long as the gap 

larger gaps. 
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The humidity above is given in terms of the vapor pressure pv in mm Hg. The absolute hum
in g/m

idity ha 
3 can be calculated from the following formula: 

  
t

ph va +
=

273
8.288  

 where t is the temperature in degrees C. 

At 20° C, the factor 288/(273 + t) is equal to 1.02 so that at STP(20) the value of the absolute 
humidity in g/m3 is only 2% greater than the vapor pressure in mm Hg.  

Figure 6-40 shows Kuffel�s results for the largest diameter spheres (25 cm) at 1-cm spacing, which 
approximates a uniform field gap. Kuffel gives the following conclusions for breakdown at dc and 6
Hz from his measurements: 

0 

eld 

1. The breakdown voltage increases with the partial pressure of water vapor. 
2. The total voltage change for a given humidity change increases with gap length. 
3. The humidity effect increases with the size of the spheres and is largest for uniform fi

electrodes.  
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Figure 6-40.  60-Hz breakdown as a function of humidity (after Kuffel & Zaengle, 1984). 

Kuffel indicates that all of these effects can be explained by Townsend�s theory and the fact that 
the water vapor present in the air absorbs electrons and thereby changes the effective ionization 
coefficient (

There are other observations confirming that the presence of water vapor increases the breakdown 
level at dc and 60 Hz (Kuffel, 1961 a & b; Standring et al., 1963). They present breakdown data 
between spheres for various levels of humidity. The largest sphere diameters (100 cm) at the largest 
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spacing (50 cm) exhibited the largest change. Within the humidity range of 4 to 17 g/m3 (re
humidity 25 to 95% at 20° C), the relative increase of breakdown voltage observed was linear
between 0.2 to 0.35% per g/m

lative 
 

ry environment and 
only needs to be taken into account for either very high or very low humidity. This finding is also 
consistent with the discussion of Meek and Craggs 978, p. 544), which shows a maximum 
variation of 4% with humidity for gaps of 1 to 3 cm in length. 

These findings are also consistent t al. (1991) for low-probability 
im

f highly non-uniform fields, where corona forms prior to breakdown, there are some 
co

d. For example, for smaller diameter wires, this was the case with the data 

er 
 
 

idity when breakdown occurred from 
continuous-glow corona humidity (Meek & Craggs, 1978, p. 613). The type of corona that preceded 

 on the geometry of the gap and the humidity. 

easurements 

r. 

 wave pulses with frequencies in the VLF range (4.2, 10, and 20 kHz). The temperature 
us

3. Kuffel concludes that at 60 Hz the humidity effect is unlikely to 
exceed 2 or 3% over the range of humidity normally encountered in the laborato

(1

with the findings of Davies e
pulse breakdown and the findings of Verhaart and van der Laan (1984) that the breakdown 

strength of air containing water vapor is approximately independent of the humidity. However, it 
does not seem to be consistent with their finding that the fundamental breakdown strength of air is 
approximately 8% greater than the breakdown strength of dry air when humidity is present. The 
difference may be due to the fact that the 60-Hz measurements were taken with relatively small gaps 
and the measurements of Verhaart and van der Laan with a very large gap. 

For the case o
nflicting data. For example, Meek and Craggs (1978, p. 421) describe several different tests 

involving highly non-uniform field gaps. These tests indicated that the presence of humidity changes 
the character of the corona, reducing its stability and extent. This is consistent with the observations 
of Gallo et al. (1960). In some of these cases, the rule of increasing sparkover voltage with increasing 
humidity was not followe
of Gallo et al. 

Meek and Craggs (1978, p. 421) also report conflicting data from measurements using rod-plane 
and rod-rod gaps of various lengths. For these tests, the effect of humidity was markedly different 
depending on whether breakdown occurred prior to the formation of corona, or developed from eith
a pulsed form of corona or a continuous glow corona. The breakdown level with no corona preceding
it followed the rule of approximately 0.23% per g/m3 increase with humidity. The breakdown voltage
showed a marked increase with humidity when the breakdown occurred from pulsed corona. In 
contrast, the breakdown voltage decreased with increasing hum

breakdown depended

Other VLF and RF M

Sometimes switching transients on power lines have components in the VLF/LF range or highe
These transients, called oscillatory switching impulse voltages (OSIV), are pulses consisting of 
exponentially damped sine waves. There have been some experimental investigations on the 
breakdown of gaps with this type of high-voltage transient. Some of these investigations indicate that 
the breakdown strength for OSIV is lower than that for standard switching impulse voltages (SSIV) 
(Couper et al., 1988). 

Bharadwaj and Prabhakar (1996) measured the effect of the variation of humidity on the 
breakdown characteristics of a gap when exposed to both unidirectional and bi-directional high-
voltage sine

ed for these measurements was 40° C, the humidity range was from 14.1 to 36 g/m3, and the gap 
length was varied from 8 to 30 cm. They found some unusual things. First of all, the bi-directional 
OSIV breakdown occurred at significantly lower values than unidirectional OSIV. In addition, they 
found that breakdown often occurred on the second or subsequent peaks of the sine wave where the 
voltage was much lower than on the first peak. This indicates that the mechanism of breakdown for 
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OSIV is different than for SSIV. Both of these phenomena are consistent with the proposition that 
space charge buildup occurs with a time constant such that it lowers the breakdown voltage for 
VLF/LF sinusoidal waveforms. They also found that for bi-directional waveforms of 10 kHz and 
above, the breakdown level increased rapidly with humidity for low levels of humidity, but when the 
humidity was greater than 28 g/m3 the rate of increase reduced. The amount of reduction depends on 
gap length, and for the shorter gaps the breakdown level actually reduced with increasing humidity 
for frequencies of 10 kHz and above. 

A similar investigation using transient RF pulses in the HF range was undertaken by Australian 
investigators following the observation of �pluming� on a high-power HF transmitting antenna 
located at Darwin (Plumb et al., 1984 a & b). The description of the pluming closely resembles flares 
(see description of corona in this chapter). In their investigation, they found that the corona onset 
level at HF was approximately the same as at dc. They made measurements with increased humidity 
and found that the presence of humidity reduced the onset level by approximately 1%, which is 
consistent with the results reported by Cobine (1958, p. 182). 

All the measurements of Plumb et al used RF pulses varying from 10 to 300 µs. They found that 
the breakdown voltage decreased as the pulse length was increased from 10 to 100 µs. Beyond 100 
µs, no decrease was observed for pulse lengths up to 300 µs. They saw an increase in corona onset 
level with humidity for these relatively short pulses, while for CW waveforms at our VLF/LF test 
facility we see a decrease in corona onset level with humidity. This is consistent with the proposition 
that th me 
constant for t

 

F.  

st 

 

age at VLF. These data were measured using a horizontal corona ring, but 
 is considered to be a good 

.  

e breakdown level at VLF/LF is lowered due to the buildup of space charge but that the ti
he charge buildup is longer than one cycle at VLF/LF. 

Another interesting result from Plumb et al was that for 10-µs pulses the breakdown voltage 
decreased when the gap had previously been repeatedly broken down with 100-µs pulses. This was 
no longer true for 10-µs pulses. They attribute this phenomena to the formation of new species such
as NO, NO2, etc., which requires 100 µs or more. The relatively long time constant for the formation 
of these new species may also explain some of the reduction in onset levels observed at VLF/L

Forestport VLF/LF Measurements 

Corona Ring Test 
At Forestport, we often observed that the breakdown voltage for dry conditions on a given te

sample was reduced if the humidity was high, particularly if there was still water laying on the floor 
from a previous wet test. For this reason, we suspected that increased humidity lowers the corona 
onset or breakdown voltage at VLF/LF. This is the opposite of the effect of humidity at 50/60 Hz. A
preliminary investigation was done in February 1995 using a 6-inch minor diameter toroidal corona 
ring positioned horizontally 18 inches above the ground. This was our first attempt at measuring the 
humidity effect. The data for the ring at 29.5 kHz, shown in Figure 6-41, confirmed that humidity 
decreases the critical volt
because it has a large minor diameter the correction factor developed
estimate of the asymptotic value for large diameter wires and cables
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Figure 6-41.  Humidity test, 6-inch toroid at 29 kHz. 

t procedure consisted of first measuring the dry flashover/flare voltage for the ring in 
onditions. Then the humidifiers were turned on and the humidity was increased to 
ately 90%. The humidifiers were turned off and the dry flashover/flare voltage measured 
lowing that measurement the roll-up door was opened for a few minutes to exchange som
id insi

The tes
ambient c
approxim
again. Fol e 
of the hum de air for the dryer outside air. The door was closed and the dry flashover/flare 
measu
Figure 6-4

Th
taken b
constan
inside h e surface of the electrode.  It is likely that if 
enou
woul

The f for comparison to the dc 
and 6 tive 
comp

Propos
The h

humidit qual to 1 at standard humidity (Kuffel & Zaengle, 1984). The 
st a
Si
when the hum the humidity is below 

e sta data, we have defined a 
zed to zero humidity (dry air). This correction 

red again. This was repeated two more times for a total of five data points.  The arrows in 
1 indicate the order of the measurements. 

ere is a hysteresis like effect in the 29.5-kHz data, which is attributed to the measurements being 
efore humidity equilibrium was established. There are at least two processes involving time 
ts that must settle to reach equilibrium. These are the mixing of the dry outside air with the 
umid air and the amount of water absorbed on th

gh time is taken to allow the humidity processes to come to equilibrium that the data points 
d define a single curve. 

lashover/flare data for these tests were also plotted in Figure 6-40 
0-Hz data of Kuffel. Note that the slope of the curve for the 29.5-kHz data is strongly nega
ared to the positive slope of the curves for dc and 60-Hz data.  

ed Asymptotic Correction Factor  
umidity correction factors defined in the various test standards are normalized to the standard 
y, 11 g/m3, so that they are e

and rds all define the humidity correction factor such that it is proportional to breakdown level. 
nce breakdown level increases with increasing humidity, the correction factor is positive (CF > 1.0) 

idity is above the standard level and negative (CF < 1.0) when 
th ndard level. However, in order to compare VLF/LF data to the 60-Hz 
different humidity correction factor that is normali
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fa  

mpulse data by Davies et al. (1991) and the 60-Hz data after Kuffel (1961 
b)  

m ).  

ctor is defined to be the ratio of the breakdown voltage for air at a given humidity to the breakdown
voltage of dry air (zero humidity). 

Data normalized in this way are shown in Figure 6-42. Shown in the figure are the normalized 
curves of the switching i

. These curves begin at 1.0 for dry air and increase above that as the humidity level increases. The
curve for 60 Hz has a value of 1.5% at the standard humidity level (11 g/ 3
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Figure 6-42.  Proposed VLF humidity correction factor. 

Figure 6-42 also includes the normalized 29.5-kHz data measured at Forestport using a 6-inch ring. 
Measurements at zero humidity could not be done at Forestport, and the data were normalized to the 
estimated value at zero humidity so that it could be plotted on the same scale. The estimate was based 
on the assumption that the breakdown level at 29.5 kHz for zero humidity is nearly the same as it is 
at 60 Hz. The process involved first normalizing the breakdown voltage data as a function of 
humidity by the largest value. A curve, labeled �proposed correction factor� was fit to this 
normalized data. This curve was then adjusted down so that the value of the curve extrapolated to 
zero humidity was approximately 1.0 (see Figure 6-42).  

The humidity correction factor is a function of both the wire diameter and frequency. The 
proposed correction factor curve given in Figure 6-42 was developed using data for a 6-inch minor 
diameter corona ring. Thus, it approximates the correction factor for a very large diameter wire. In 
lieu of better data, we propose that it be used as an estimate of the asymptotic correction factor for 
large diamet  VLF curve 
in the mid-hu

ncy effect section above). 

er wires at 30 kHz. The difference between the 60-Hz curve and the proposed
midity range agrees with the 8% frequency correction factor observed for larger wires 

in dry atmospheric air (see freque

The figure shows that the effect of humidity at VLF is very different than it is at 60 Hz. At 60 Hz, 
the slope of the breakdown voltage versus humidity curve is positive, while at VLF the slope is 
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negative. This implies that the humidity correction factor is frequency dependent. The humidity 
correction factor for different wire sizes can be seen as a family of curves, parametric in wire 
diameter, plotted on the same scales as Figure 6-42. The proposed correction factor in the figure is 
estimate of the asymptotic curve for large wires at 29 kHz.  

an 

er 
 

 

n 

 

 
There are no data available yet for the breakdown strength of air in a uniform field gap as 

a 

stport is shown in the next section.  

6-
ests at 

There are no data for the VLF humidity correction factor curve at low humidity levels and furth
measurements are needed to define it. The breakdown level for dry air is needed to determine the
left-hand end of the curves. These data are not yet available. By definition, the humidity correction 
factor at zero humidity will be 1.0. At VLF, it seems likely that for large diameter wires when the
humidity increases the correction factor will always be below 1.0. For smaller diameter wires, it is 
likely that as humidity increases the humidity correction factor will increase following the 60-Hz 
correction factor for a ways, then curving back down below 1.0. The reason the humidity correctio
factor follows the 60-Hz curves for low humidity is that the small wires have a small equivalent gap, 
which reduces the frequency effect. If the gap is small enough, the breakdown level approaches the
60-Hz values. We next present limited data at VLF/LF that indicates that this is the case.  

Note that the asymptotic value for large wires should also be equal to the asymptotic value for
large gaps. 

function of gap length and humidity at VLF/LF. These data need to be measured in order to 
develop a complete understanding of the humidity effect at these frequencies. Similarly, extensive 
measurements of corona onset levels as a function of wire diameter and humidity at VLF/LF are 
needed. Limited data of this type developed at Fore

Wire, Pipe, and Cable Measurements 
The variation of corona onset voltage with humidity was tested at Forestport using the inside 

horizontal test setup. These measurements were performed during the winter when the ambient 
humidity is very low. We used four humidifiers inside the test cell to increase the humidity (Figure 
43). Two of the humidifiers can be seen on tripods in the background of Figure 6-3. The last t
Forestport prior to closing that site were the humidity tests in February 1997 following preliminary 
tests in 1995 and 1996. 
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Figure 6-43.  Humidifier. 

The 1997 humidity tests were done during the winter during cold weather where the outside air
quite dry. The procedure was as follows. First, the large roll-up door was opened for approximately 
½ hour and the test cell filled with cold dry outside air. This air was then brought to room 

 is 

te

ased 
 

s achieved for these tests 
w nge, 

14 

 

 

kHz have been plotted versus relative humidity in Figures 6-47 and 6-48. The shape of the curves is 
similar when plotted versus absolute humidity. 

mperature (70° F) using a heater. The resulting humidity in the test cell was 20% to 30%, 
depending on the atmospheric conditions. Corona onset voltages were then measured for the 
complete set of horizontal samples at that humidity on two frequencies (approximately 29 kHz and 
47 kHz). Following these measurements, the humidifiers were turned on and the humidity incre
to about 50%, and another set of corona onset voltages were taken. This was repeated again to reach
a humidity of about 90%. 

Data were taken for both 29 kHz and 47 kHz at the three humidity levels (low, mid, and high). The 
target humidity levels were 30%, 50%, and 90% relative humidity. Accurate humidity control is 
difficult in an open test cell such as at Forestport, and the humidity range

ere from 24% to 37% for the low humidity range, from 52.5% to 58% for the mid humidity ra
and from 85% to 90% for the high humidity range.  In addition a limited set of data was taken at 
kHz for mid (54%) and high humidity (78%).  

The measured data at 14 kHz are contained in the data set for 8 February 1997 (Appendix 6A) and
were the last data taken at Forestport. The data for 29 kHz and 47 kHz are contained in the data set 
for 5 February 1997 (Appendix 6A). These data are plotted versus wire diameter in Figures 6-44 to 
6-46. The data for smooth pipes have been corrected for air density (STP 25° C); the data for the
stranded cables have not been corrected. The original data for the smooth samples at 29 kHz and 47 
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In each of these data sets, the general trend is that the critical surface field for corona onset 
de

h 
creases with increasing humidity. There is a moderate decrease from low to mid humidity, and 

there is a larger decrease from mid to high humidity. However, for the smallest diameter wires, bot
smooth and stranded, all the low to mid humidity level measurements are the opposite of this trend, 
with the exception of the data for smooth conductors at 47 kHz. 
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Figure 6-44.  Humidity test data at 14 kHz. 
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Figure 6-45.  Humidity test data at 29 kHz. 
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Figure 6-46.  Humidity test data at 47 kHz. 
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Figure 6-47.  Corona onset field for various wire sizes versus relative humidity, 29 kHz. 
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Figure 6-48.  Corona onset field for various wire sizes versus relative humidity, 47 kHz. 
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There is more variability for the high-humidity measurements than for low-humidity 
measurements for both the smooth and stranded wires. This is also reported to be the case for high 

Hz and is attributed to the fact that at high relative humidity 
addition, when the relative humidity is high, water begins to 

co

 
a onset value at mid humidity was reduced below that by about 5%. The value for corona onset 

at

nd 6-48 for 30 kHz indicates the following:   

tic 

lest 

s been developed and is presented in a following 
se

relative humidity measurements at 60 
water vapor starts to form droplets. In 

ndense on the surface of the conductor. These are random processes that increase the variability of 
the measurements. 

The corona onset field data for different humidity levels for smooth pipes at 29 kHz and 47 kHz 
have been normalized by the appropriate formula for smooth pipes from Table 6-2A.  The results are 
shown in Figure 6-49 and 6-50 plotted as correction factors. The curve of the normalized average 
from the air density tests is also included in these plots. Note that the average value for corona onset 
during the air density tests corresponds closely to the value at low humidity for both frequencies. The
coron

 high humidity varied considerably but was reduced by more than 10% and sometimes more than 
25%. 

Examination of Figure 6-47 for 29 kHz a

First, the slope of the curves between the low and mid humidity value changes in a regular 
manner with wire diameter. For the smallest wire, this slope is positive and it decreases with 
increasing wire diameter becoming negative and eventually appears to approach an asympto
limit for the larger wires. 

The data for 47 kHz (Figure 6-48) are different in that the slope between low and mid humidity is 
approximately the same negative value for all the diameters measured, including the smal
diameter wire. 

For both the 29- kHz data and the 47-kHz data, the slope of the curves between mid- and high-
humidity levels is strongly negative. 

A qualitative explanation of these effects ha
ction (see Combined Effects). 
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Figure 6-49.  Measured humidity correction factor, 29 kHz. 
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Figure 6-50.  Measured humidity correction factor, 47 kHz. 

The Effect of Impurities 
The atmosphere contains significant amounts of dust, pollen, and spores. In some locations, salts 

and other chemical pollutants are significant. At higher latitudes, small particles of wind-blown snow 
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can have a significant effect on high-voltage performance. The concentration of the various 
atmospheric particles varies greatly with time and geographic location, with diameters from 0.1 to 10 
µm. In some cases, the particles, which may also include insects, play an important role in corona 
formation and frequency effects. The impurities can have an effect both in the air and when they are 
deposited on the surface of the object under test. There is little quantitative data on the effect of 
airborne impurities on corona onset levels. 

The deposition of the impurities on the surface of insulators is called contamination. The effect of 
contamination on breakdown levels for insulators has been investigated extensively at power system 
frequencies. There has been a limited amount of investigation into the effect of surface contamination 
on corona onset voltages on wires. Peek (1929, p. 76) shows some data on the 60-Hz visual corona 
level with oil, water, and dirt deposited on the surface of the conductor. These data indicate that 
water lowers the onset level the most.  

In general, impurities and contamination significantly reduce breakdown level. LaForest (1968) 
states that in 1956 Newell and Warburton (1956) discovered that fair weather corona was caused by 
airborne substances such as insects, dust, pollen, spider webs, vegetation, leaf particles, bird 
droppings and other non-metallic materials. Previously, damage to the surface of the conductors had 
erroneously been supposed to be the cause (Comber, et. al., 1982, p.180). Some effort has been 
expended to quantize this effect at power line frequencies (Newell and Warburton, 1956, 1957). One 
interesting thing discovered is that more of the airborne sources are present during the summer 
months with the largest amount present during the month of August. 

The mechanism for the reduction in corona onset voltage when airborne impurities are present is 
explained as follows. Corona discharge is initiated when airborne dielectric particles pass near the 
surface of t surface. 
This is caused by the induced dipole charge on the dielectric particle, which enhances the field 
be n 

This 

 

onstant of dust can be large, particularly when it has absorbed water. For particles 
on

h reduces the breakdown level. 

ased 
losses were attributed to the corona onset voltage being reduced while snow is falling. He states that 

he conductor. Corona initiation usually happens before the particle contacts the 

tween it and the conductor. If the enhanced field is large enough, it will result in discharge. Whe
the particle touches the conductor (or the discharge reaches it connecting it to the conductor), it 
assumes the same charge as the conductor. Since like charges repel, it then rapidly drifts away. 
explains the observation that under the right conditions less snow sticks to energized transmission 
lines (Comber, et al., 1982, p.180).

The dielectric c
 the surface of the conductor, the field is concentrated on the tip protruding out from the surface. 

Materials with high dielectric constants are drawn into high electric field areas independent of 
polarity, even if the field is oscillating. Thus, floating particles can be drawn toward particles on the 
surface, where they often stick together forming larger protrusions (Kreuger, 1991, vol II, p. 88). As 
a protrusion grows the field is more concentrated at the tip, whic

Kuffel and Zaengle (1984, pp. 107�109) discuss measurements of the time to breakdown for 
various gaps with different conditions of air carrying dust. These measurements indicate that the time 
to breakdown is increased considerably by moving air and even more by filtering the air. This is 
consistent with the breakdown voltage being reduced by the presence of floating dust particles. The 
effect of dust on the breakdown level at dc is greater than it is at 60 Hz (Kreuger, 1991, vol. I, p. 
146). 

For practical outdoor applications, the spray-wet condition associated with falling rain is 
essentially the worst case, with the possible exception of falling snow. Peek (1929, p. 202) indicates 
that he observed corona losses during falling snow that were greater than for rainfall. The incre
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�the effect of snow is greater than any other storm condition.� At Forestport, corona onset 
measurements were made on cables that had been iced (see Figure 6-51). The result of these 
m for easurements showed that the corona onset voltage for iced conditions is essentially the same as 
spray-wet conditions. We did not make measurements for snowfall conditions. 

 

Figure 6-51.  Frozen cable. 

The presence of impurities and contamination significantly reduce the breakdown voltage. For 
adequate design, safety factors must be used to take this into account. This is obviously true for 
outdoor applications, but it also required for indoor applications where dust, insects, or condensation 
are not normally present but can occur over the course of time. Breakdown can be especially 
damaging if the materials used are flammable, as is often the case for indoor high-voltage hardware. 
For this reason, it is standard practice to periodically clean indoor high-voltage equipment to reduce 
contamination. 

For outdoor application, falling rain or snowfall is the worst case. High-voltage hardware designed 
for outdoor use is usually not flammable. Since the design of outdoor high-voltage components must 
take rainfall into account, there is usually no need to use an additional safety factor for impurities. 

COMBINED EFFECTS 
From the data presented in the section on the humidity effect, it is clear that the corona onset level 

is a function of both frequency and humidity and that the effects of both frequency and humidity are 
functions of wire diameter. This section brings together our observations of the effect of frequency 
and humidity with results 
qualitative expla ailable are not 

reported in the literature and with theoretical considerations to provide a 
nation for the effects in the VLF/LF range. Unfortunately, the data av
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adequate to provide a complete quantitative description; however, the data areadequate to give 
quantitative indications for designs using safety factors. 

Critical Frequency 
Gaps 

Many investigators have reported that for breakdown of air in uniform field gaps for any given 
frequency there is a critical gap length below which the breakdown voltage is independent of the 
frequency (Muller, 1934). For longer gaps at that frequency, the breakdown voltage is reduced over 
the low-frequency level. Two values of the critical gap length observed by Muller are given in Meek 
and Craggs (1978, p. 690), as 0.45 cm at 110 kHz and 0.09 cm at 995 kHz. The explanation given for 
the critical gap length (as a function of frequency) is that the length of the gap is just long enough so 
that the slower positive ions do not move out of the gap within one half cycle. Thus, a space charge 
buildup occurs with the corresponding field enhancement and reduction of the breakdown voltage. 
For shorter gaps, the ions are swept out of the gap within a half-cycle and no space charge buildup 
can occur. 

The existence of a critical gap length for a fixed frequency implies that for a fixed gap length there 
is a frequency below which the breakdown voltage is independent of frequency and above which the 
breakdown voltage is reduced. This is called the critical frequency and is a function of the gap length. 
The two data poi y versus gap 
length. 

nts from Muller have been plotted on Figure 6-52 as critical frequenc

100000

1000000

Pimm, UHF gap breakdown
Bright, HF corona on wires
Muller, LF gap breakdown
Kolechitskii, VLF corona on wires

10

100C
rit

ic
al

 F

1000

10000

re
qu

en
cy

 (k
H

z)

1
0.01 0.1 1 10

Wire Diameter (Kolechitskii & Bright), Gap (Muller & Pimm) (cm)  

Figure 6-52.  Critical frequency after Kolechitskii (1967), Pim (1949), and Bright (1950). 

There is an analogue between breakdown in a gap and corona onset on a cylinder. When 
breakdown occurs around a cylinder, corona forms first in the high field region near the cylinder. 
Chapter 2 includes a discussion about the processes involved with the formation of corona around a 
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cylinder. There is an active region around the cylinder where ionization occurs (See Figure 2-11). 
The thickness of this active region is analogous to gap length for a uniform field gap. Consequently, 
for a given size wire, one might expect that there is a critical frequency below which the onset 
voltage does not vary with frequency and above which the onset voltage is reduced. Kolechitskii�s 
experimental results confirm this. 

VLF/LF Corona on Wires: Kolechitskii 

Kolechitskii (1967) made extensive well-instrumented measurements of corona on wires at 
frequencies between 10 and 100 kHz, with a few measurements at higher frequencies. He also made 
measurements at 50 Hz using the same test setup. Corona onset was determined by monitoring the 
waveform of the current flowing through the gap and noting when corona current pulses started to 
flow. At VLF/LF, the glow of the corona jacket at onset was observed to be much brighter than at 50 
Hz and corresponded with corona current initiation. �So at high frequencies the corona onset voltages 
can be determined quite reliably from the glow around the conductor.� This was also found to be true 
at the Forestport HVTF. 
Several interesting findings of Kolechitskii are described below: 

1. The onset voltage is practically independent of frequency up to 67 kHz, and Peek�s formula 
applies for clean smooth dry conductors. However, his data show a decrease in the critical 
surface electric field for VLF/LF of up to 5% from that at 50 Hz, depending on frequency and 
wire diameter. The  lower frequencies. 
Some of the reduction was attributed to surface irregularities due to imperfect grinding. It was 

y 10 

kii�s observations and the fact that power dissipated in 

w-

 at 

 difference was greater for larger wire diameters and

also observed that contamination such as dust or oil deposits decrease the onset voltage b
to 15%. 

2. The corona extinction voltage at VLF/LF was lower than at 50 Hz and the difference was 
greater at higher frequencies. The fact that the corona extinction level is lower than the onset 
level is attributed to the fact that the corona heats the air, reducing the air density (Van Brunt, 
1994). This is consistent with Kolechits
corona is proportional to frequency (Chapter 7).  

3. There is a difference in the visible nature of the corona at onset, and correspondingly the 
corona current waveform, as frequency increases. The phenomena can be divided into a lo
frequency effect, a high-frequency effect, and a transition region. It is important to note that 
the frequency where this transition takes place is a function of the wire diameter, starting
lower frequency for larger wires. 
a. In the low-frequency effect region, the corona appears as a thin sheath near the wire, 

corresponding to the corona observed at dc for negative polarity (negative corona). When 
the voltage and current waveforms are examined, it is observed that the corona current 
flows for a small portion of the cycle near the peak of the negative half-cycle.  

b. In the high-frequency effect region, the initial corona consists of individual or clusters of 
uch greater than the wire diameter. These 

 
s 

thin branching channels having a length m
correspond to positive corona streamers observed at dc (positive corona). In this case, 
examination of the voltage and current waveforms indicate that the corona current flows
for a small portion of the cycle just after the positive going zero crossing. These channel
or clusters have an intact base on the wire and are spaced along the wire a distance 
somewhat greater than their length. They also tend to move about, around, and along the 
wire.  
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c. In the transition region between the low-frequency region and the high-frequency region, 
both types of corona can be seen to some degree. 

  The explanation for these effects is as follows. Well below the critical frequency the neg
onset voltage has a magnitude less than the positive onset voltage a

ative 
nd corona first starts to 

appear near the peak of the negative half-cycle. The corona observed in this case is similar to 
the corona observed with negative dc voltages. 

  When the frequency is well above the critical frequency, the residual negative ions from the 
dark Townsend currents during the negative half-cycle cause the field to be enhanced when 
the voltage goes positive, causing positive corona to appear first. 

  There is a transition region where the frequency is such that both positive and negative 
corona appear to some extent. In this region, both negative and positive corona currents flow. 
The positive corona currents start to flow near the peak of the positive cycle. As the 
frequency is increased, this point moves toward the zero crossing. When it reaches the zero 
crossing, only positive corona appears. This marks the critical frequency and the transition to 
the high-frequency region. 

4. Kolechitskii empirically determined a critical frequency, dependent on wire size, that defines 
the start of the high-frequency region, given by 

  
f

r rcr = + ⋅
7 56
298

.
.

   kHz  , 

  where r is the wire diameter in centimeters. 

A plot of Kolechitskii�s formula for critical frequency versus wire diameter is included in Figure  
6-52. Note that a wire with a diameter of 1 cm has a critical frequency of 10 kHz. This means that in 
the VLF/LF  i.e., in the 
high-frequen

gion the corona region around the wire 
ency region. 

d 
equencies ranging from 1.6 MHz to 9.4 MHz. The onset voltage for 

B

His data show a transition region between 3 MHz 
d 4 MHz for all three wire sizes. Above the transition region, the corona onset voltage drops to 

critical frequency is the high end of the 
ansi  for the 0.326-mm diameter 

s point has been plotted in Figure 6-52 for comparison with 
olec i� nd Muller�s measured data. 

band most practical wire sizes will be operating above the critical frequency,
cy region.  

Kolechitskii also determined that in the high-frequency re
was at a distinctly higher temperature than in the low-frequ

HF Corona on Wires: Bright 

A similar critical frequency effect can be seen in corona onset data measured by Bright (1950). 
These data include measured corona onset voltages for three small wires (0.316 mm, 0.274 mm, an
0.234 mm) at 60 Hz and five fr

right�s data has been normalized to the 60-Hz value and plotted in Figure 6-53. Note that at 1.5 
MHz the onset level he measured was 88% to 90% of that at 60 Hz. This is very similar to the level 
we measured at VLF, although for larger wires. 
an
approximately 75% of the 60-Hz value. Assuming the 
tr tion region, per Kolechitskii�s observation, the critical frequency
wire is approximately 4 MHz. Thi
K hitski s formula a
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critical gap length, where the discontinuity occurs, depends on the frequency. 

eloped a family of curves of the breakdown voltage versus gap length for air at 
at

rapidly. This occurs at a different gap length for each frequency, and the curve separates from the 
si d well 

Hz 

The critical gap length measured by Pim depends on frequency. Again, the concept of the critical 
gap length can be inverted to define a critical frequency as a function of gap length. The values of the 

Figure 6-53.  Corona onset frequency correction factor at HF (Bright, 1950). 

UHF Breakd

Pim (1949) describes measurements of the breakdown characteristics of air in parallel plate ga
at frequencies between 100 and 300 MHz. In these measurements, the gap was varied up to a length 
of 1-mm, and the pressure was varied from 50 Torr to 1000 Torr. Pim found that as the gap length 
increased the breakdown voltage followed a smooth curve, increasing until a critical gap length wa

ached, when for further increases in the gap length there is a decrease in the breakdown voltage. A
the gap length is increased further, eventually the breakdown voltage starts to increase again

Pim (1949) dev
mospheric pressure, parametric in frequency, for frequencies between 100 MHz and 300 MHz 

(Meek & Craggs, 1978, figure 8-7, p. 607). Included in this figure is a curve for 50 Hz. Pim�s data 
show that when the gap is less than the critical length, the breakdown voltages is independent of 
frequency, and the measurements at every frequency form a single curve approximately 10% below 
the value for 50 Hz. As the gap is increased beyond the critical length, the breakdown strength falls 

ngle curve when the gap reaches the critical length for that frequency. As the gap is increase
above the critical length, the breakdown voltage starts to increase again. With further increase, the 
separate curves come back together, forming a single curve approximately 40% below the 50-
value. Note that similarity does not hold for gaps operating in the region where the curves have 
separated. 

6-72 



VLF/LF High-Voltage Design and Testing  Chapter 6 Corona on Wires, Pipes, and Cables 

critical frequency versus gap length have been determined from Pim�s family of curves for air at one 
atmosphere and have been plotted in Figure 6-52. 

Pim explains this phenomenon on the basis of the velocity of an electron avalanche traveling 
across the gap and reaching the opposite side just as the electric field is reversing its direction. The en 
electrons from the first avalanche propagate back across the gap arriving with e2n electrons, etc. Thus, 
when the gap length and frequency are such that an electron avalanche propagates across the gap in 
something like one-fourth cycle, a discontinuity in the breakdown characteristics of the gap can be 
expected because the avalanche suddenly grows across effectively twice the gap distance. In 
addition, because of the double growth avalanche, the residual ion density in the gap is increased, and 
the external electric field required to create an ion density sufficient to initiate a spark is reduced. 

Critical Frequency Summary   

Direct comparison of the critical frequency data for corona onset and gap breakdown is incorrect 
because, as discussed in Chapter 2, the equivalent gap length for wires is not equal to the wire 
diameter but depends on the corona onset gradient and the wire diameter. In Chapter 2, a formula 
was developed for the thickness of the active region around a wire. We have used this formula to 
convert the independent variable of the corona onset curves for wires (Kolechitskii (1967) and Bright 
(1950) from wire diameter to equivalent gap. These new curves are plotted in Figure 6-54. When 
plotted ver me slope as 
Muller�s d  data point due to Bright appears to be 
on  

sus equivalent gap length, the curve based on Kolechitskii�s formula has the sa
ata but is considerably lower. In addition, the single

 an extension of Muller�s curve. Together they define a second curve parallel to Kolechitskii�s but
higher. Finally, Pim�s data has similar slope to the other two curves but is considerably higher than 
either. 
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Figure 6-54.  Critical frequency versus equivalent gap. 
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There appears to be three distinctly different sets of critical frequencies. This is attributed to the 
action of the three distinctly different sets of charged carriers (negative ions, positive ions, and 
electrons). Each critical frequency involves a resonant effect whereby the mobility of the charge 
carriers puts space charge in a location that enhances the field at the time when the voltage reverses.  

The critical frequency associated with the lowest curve (Kolechitskii) is attributed to the presence 
of negative ions, their lifetime, and drift rate. This is indicated by the fact that the critical frequency 
occurs at the point where corona currents flow at the positive going zero crossing. The next higher 
curve is the combination of the two curves labeled Muller and Bright.  This critical frequency 
associated with this curve is attributed to the presence of positive ions, their lifetime, and drift rate. 
This is consistent with Muller�s explanation that the critical gap corresponds roughly to the length at 
which positive ions are expected to accumulate in the gap (Meek & Craggs, 1978, p. 690). The 
critical frequency associated with the upper curve (Pim, 1949) is attributed to the buildup of electrons 
and is associated with the electrons crossing the gap in one half cycle. 

It seems likely that the critical frequency phenomena for wires discovered by Kolechitskii is 
analogous to the critical frequency for breakdown in gaps described in Meek and Craggs (1978, 
Chapter 8). The simple explanation for this phenomenon involves the buildup of space charge from 
residual ionization of the pre-ignition avalanches. In uniform field gaps, high-frequency phenomena 
occur when the gap length and frequency are such that ions cannot move out of the gap before the 
waveform reverses. Similarly, for wires the high-frequency phenomena occur when the active region 
around the wire (Ch aveform reversal. 
The active region is larger for larger diameter wires. This is discussed in more detail in the next 
section. 

Pulsating Corona 
For both positive and negative electrodes in air and other electronegative gases, the pre-breakdown 

current occurs as regular impulses. The pulses in negative corona were discovered by Trichel and 
Kipp in Loeb�s laboratory in 1936 (Raizer, 1991, p. 350; Loeb, 1939, sections 8 & 9) and are called 
Trichel pulses. The pulse repetition rate is a function of voltage. The initial rate is quite low, and as 
the voltage increases the pulse magnitude remains essentially the same but the repetition rate 
increases, reaching 1 MHz (Raizer, 1991, p. 351). Above this level, the Trichel pulses are replaced 
with continuous current corresponding to steady-state self-sustained corona. For low-level positive 
corona, intermittent pulses can form at low rates on the order of 10 kHz. At higher levels, positive 
corona forms a �continuous� glow. Later, Hermstein showed experimentally that negative ions 
influence the formation of the positive glow in air, which is sometimes called �Hermstein glow.� 
Both Trichel and Hermstein failed to note that the �continuous� positive glow actually pulses very 
rapidly with initial repetition rates on the order of 1 MHz (Morrow, 1997). Morrow provides a 
theoretical explanation of this effect and indicates it was not really studied until 1970. All of the 
impulses associated with these phenomena have very fast rise times and are the source of radio noise 
that can be emitted LF/LF 
transmitting antennas, or high-voltage power supplies. 

For positive conductors, as the voltage is increased, the initial corona current flows in intermittent 
pulses and continues in this mode over a fairly wide range of voltage. Eventually a voltage is reached 
where the corona becomes continuous. These pulses, known as flashing corona, are sometimes called 
pre-inception streamers. The repetition rate for these streamers is low at both ends of the voltage 
range where they occur and reaches a few kilohertz near the center. However, as previously stated, 
the positive �continuous� glow actually pulses at repetition rates on the order of 1 MHz. Morrow 

apter 2) is large enough that the ions cannot move out before w

 by any high-voltage system such as power transmission lines, V
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(1997) notes that the presence of humidity reduces the frequency of the positive glow pulses. For 
negat
appro

 

 
y are neutralized. They leave behind a space charge consisting of positive ions. 

his space charge reduces the field around the positive conductor, cutting off further avalanches until 
the space charge drifts out of the active region (Morrow, 1997). 

For negative corona, the process is more complicated. The initiation of brea
negative electrod  the rat electron lectric field. These 
electrons are moving away from the electr the field is strong enoug  
electrons have enough energy to ionize gas ng more electron o 
accelera . This ds to ctr  
electrons are liberated from the electrode by  the positive ions a let 
radiation his pro uces tive about 10-9 seconds. Th in this 
streamer slow down as they move farther f rode. They tend to dif
repulsiv oulom  rap ach gative mole such

Positi ions a d b ala drift tow ct
negative ions forms in the region away fro here the field is lower and the avalanches 
stop. The negative space charge weakens the field between it and the negative conductor to the point 
where the formati nch pp ve ions war tively 
charged conductor and are neutralized. The negative ions are elimi y either dissociation or by 
moving ll out o e reg  th ated, the field is restored and the process 
starts over. 

Negat  coron ulse t fo onegative gas ch a itrogen 
because the electrons are rapidly ed space ch  corr  the cloud 

at the end of an avalanche can e slow-moving negative space charge 
orresponding to these electrons is required to cut off the pulses, thus forming the individual Trichel 

pu  be 

For ac excitation, there is an interaction between alternating voltages on the electrode and the time 
constants of the corona pulse phenomena. If the frequency of the excitation is well below the corona 
pulse repetition rate, the corona formation is the same as dc or 60 Hz. As the frequency of excitation 
approaches the corona pulse repetition rate, there is an interaction with the residual space charge that 
reduces the corona onset level corresponding to the high-frequency region observed by Kolechitskii. 
Figure 6-55 (Smith, 1963) shows measured current and voltage waveforms at two VLF frequencies 
that illustrate this. The waveforms on the left side of Figure 6-55 were measured on a small diameter 
wire and correspond to operation at a frequency below the critical frequency. In this case, the onset 
phenomena is essentially the same as at dc or 60 Hz. Examination of the top waveform, taken when 
the voltage was just above the onset level, shows that the negative corona currents (Trichel pulses) 
start to flow at a point in the negative half-cycle when the voltage reaches the corona onset level. 

ive conductors, the initial pulse repetition rate is very low and increases with voltage up to 
ximately 1 MHz. The accepted explanation for these phenomena is given below. 

For positive electrodes, the breakdown is due to accelerating electrons that are drawn into the 
breakdown channel. The channel remains contained and has a filamentary appearance. Because they
stay contained, the positive filaments tend to propagate faster and farther into the gap than negative 
corona does. These filaments consist of avalanches of electrons that move rapidly toward the positive
conductor where the
T

kdown around a 

h, the accelerated
e starts with  accele ion of residual 

ode. When 
s by the e

 molecules, releasi
on avalanche. As discussed in Chapter 2, secondary

s, which are als

nd from ultravio
ted process lea  an ele

 collision from
 streamer in . T cess prod a nega e electrons 
rom the elect
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m the electrode w
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ive a Trichel p s do no rm in electr es su s argon or n
 absorb  and the negative 

not form. Th
arge esponding to

of electrons 
c

lses. The electronegative characteristic causes the field level for the formation of avalanches to
greater. In this case, the space charge from the remaining positive ions near the conductor enhances 
the field, and when an avalanche forms it leads directly to self-sustained breakdown. 

Corona Current Waveforms 

 6-75



Chapter 6 Corona on Wires, Pipes, and Cables  VLF/LF High-Voltage Design and Testing 

 

Figure 6-55.  Voltage and current waveforms at VLF (after Smith, 1965). 

The right side of Figure 6-55 shows the waveforms measured using a large wire and corresponds 
to operation at a frequency above the critical frequency. The top waveform occurred when the 
voltage was just above the onset level. This waveform shows positive corona currents (pulses) 
starting immediately after the voltage crosses from negative to positive. This is attributed to field 
enhancement from negative space charge due to slow moving negative ions. The same type of 
phenomena is seen at 60 Hz on insulated wires when there is a split in the insulation (Van Brunt, 
1994). In this case, the negative charge required to enhance the field on polarity reversal accumulates 
on the surface of the dielectric (Van Brunt, 1994, p. 771).  

The current waveforms above the critical frequency are consistent with the concept that negative 
space charge developed from pre-discharge avalanches enhances the field on the positive going zero 
crossing. The fact that this does not happen when the frequency is below the critical frequency is 
consistent with the idea that the time constants associated with this negative space charge are 
involved in determining the frequency behavior.  

There is a definite change in the appearance of the corona for frequencies below and above the 
critical frequency. Below the critical frequency, the corona is a rather uniform reddish-white brush 
discharge that likely corresponds to negative corona. Above the critical frequency, the corona 
appears to go directly to bluish-white flares extending out from the wire surface, corresponding more 
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s  at which the corona 
currents flow. 

Relationship to Critical Frequency 
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Hz. 
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associated with the space charge buildup. 
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hat, and it seems cy y, the 
breakdown level increases som

Note that humidity affect  ime constants beca  t quency of the Trichel pulses is 
reduced by the presence  (Morrow, 1997).  e qualitative theory given above, 
this im stent with 
the measurements at For . en h this in that 
they showed that for a ed gap the breakdown vol  increases with increasing humidity up to a 
maximum and then decreases as the h , p. 103). 

The conclusion is th
atmosphere, there is a critical frequency below whi  corona onset level is independent of 
frequency and equal to the dc/60-Hz v this frequenc ed. There is 
a transition region where the ses fro
less than 1. The critical frequenc  a function of wire diam nd humidity and possibly other 
parameters such as rainfall, im ies, and surface conditio e variation of this critical frequency 
is not well understood. 

The reduction in breakdown level for fre s abov tical frequency at VLF/LF is 
attributed to the buildup of space charge from slow-mov negative ions in the active ionization 
region around the wire. The sm activ ), the higher the 
frequency required to enable the buildup. The equivalent gap is m wire 
d ter (Chapter 2), and at least for VLF/LF frequencies there is a wire size 
equivalent gap is too small to allow charge buildup, and hence the breakdown level approaches that 
for 60 Hz. 
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between 0.03 cm and 0.4 cm. This is consistent with Kolechitskii�s formula, which gives a critical 
 kHz for a wire diameter of 0.39 cm (Figure 6-52). frequency of 30
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Figure 6-56.  Calculated and proposed frequency correction factor for 30 kHz. 

The data suggest that there is a critical frequency for a given wire size above which the corona 
onset level is reduced by a given amount below that for dc or 60 Hz. For frequencies below the 
critical frequency, there is a transition region where the amount of reduction becomes less and 
eventually approaches that for dc or 60 Hz. The critical frequency is directly related to wire diameter 
being larger for larger diameters.  

Humidity Effect 

Forestport data indicate that humidity affects the fundamental breakdown strength of the air, and 
increases in humidity lowers the critical frequency. This is consistent with negative ions becoming 
less mobile with increasing humidity, thus increasing the time constant for their decay. This explains 
the complex behavior observed in the humidity measurements.  

It is clear that for a wire energized at a frequency well below the critical frequency, the effect of 
humidity is the same as that for dc or 60 Hz. Figure 6-40 (Kuffel�s dc and 60-Hz data) shows that for 
this case the breakdown level increases with increased humidity. However, our data show that at 
VLF/LF, when the frequency is well above the transition region defined by Kolechitskii, the effect of 
increased humidity is to reduce the breakdown level. In addition, the breakdown level approaches the 
wet breakdown level as the relative humidity approaches 100%. 

Examination of Figure 6-47 (29.5 kHz) illustrates the effect of changing humidity. The 1.29-cm-
diameter wire was operating below critical frequency for both the low and mid humidity levels, and 
the breakdown level increased when the humidity increased from low to mid level. When the 
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idity was increased to the high level, the critical frequency was lowered enough to reverse this 

For larger wire diameters,  two 
effects occurs at a lower humidity level. This is illustrated in Figure 6-47 for the next larger diameter 
wire (1.91 cm) where the increase in b een low and mid level humidity is 
small. This is attributed to the fact that the critical wire is lower (closer to 
the operating frequency). T fundamental breakdown strength of 
the air but, at the same time, this is y now 
approaching the opera cy. The net effect is that there is almost no change in the 
breakdown level as the hum
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eter 2.53 cm o  is because the operating frequency (30 kHz) is above the critical 
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value, 47 kHz.  

From Figure fo  kHz the asymptotic value for the slope at large diameters is 
approximately −0.22  Figure 6-58 for 47 kHz is 
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(corresponding to case #2) represents the VLF measurements for the wires having diameters of 1.91 
cm and 2.53 cm a .5 kHz from Figure 6-47, which is based on measurements that exhibit little 
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Figure 6-59.  Proposed humidity correction factor. 

These curves are based on the limited data and the above rationale. We cannot estimate the 
relationship between critical frequency, humidity, and wire diameter, or the size of the transition 
region. Determination of these relationships will require carefully controlled measurements over a 
wide range of frequencies. There is enough data to estimate the magnitude of the humidity effect on 
corona onset level. The curves in Figure 6-59 fit both our VLF/LF measurements and the dc and 60-
Hz measurements in the appropriate regions. 

Note that the curves in Figure 6-59 are plotted in terms of the ratio of Ec at VLF/LF as a function 
of humidity divided by Ec at 60 Hz for dry air. By normalizing to the low-frequency value for dry air, 
the curves include the effect of humidity. For example, the curve for the frequency of operation 
below the transition region (#1) shows the increase in breakdown level with increasing humidity as 
observed at 60 Hz. The curve for the wire operating above the transition region (#3) shows an 
approximately linearly decreasing breakdown level until 90% relative humidity is approached. The 
curve for the wire operating in the transition region (#2) shows almost no change in breakdown 
strength until higher humidity levels. This is because the increase in the fundamental breakdown 
strength of air due to increased humidity is countered by the decrease in the critical frequency. All of 
the curves show the breakdown level decreasing drastically and approaching the value for wet 
conditions as the humidity approaches 100%. 

Combined Humidity, Frequency, and Diameter 

The correction factor plotted versus humidity in Figure 6-59 can be alternatively plotted versus 
frequency as shown in Figure 6-60. This figure gives a plot of the frequency correction factor for 
three different cases of humidity (low, mid, and high). Again, the plots are normalized to the low-
frequency breakdown strength for dry air to show the effect of humidity. The low-frequency parts  
of the three curves in Figure 6-60 agree with 60-Hz results. The low-humidity curve is only slightly 
above the value for dry air in this region. The mid-humidity case is above that, and the high- 
humidity case has the highest value in this region. The order of the three curves is inverted with  

6-82 
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the high-humidity curve being the lowest at the higher frequencies. The transition region starts at a 
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Figure 6-60.  Proposed frequency correction factor combined with humidity. 
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Figure 6-62.  General formula for corona onset gradient versus diameter and 
frequency, stranded, comparison to 29-kHz data. 

The curves presented here do not include a safety factor because it would depend strongly on the 
situation involved. For example, if the configuration involves indoor dry, clean conditions and 
materials such as Litz wire which can burn, then a significant safety factor (100%) is suggested to 
account for unusual conditions of dirt, humidity, or condensation. If the configuration involves 
outdoor situations, where the worst case is spray-wet, and the materials are not flammable, then a 
smaller safety factor is required (25%). There are cases where some corona during inclement 
conditions would be acceptable, and for this case it may be that no safety factor is required. 

At typical VLF stations, indoor bus connections are made by the use of smooth pipes. Figure 6-63 
gives the maximum operating voltages as a function of pipe diameter at 1, 2, 4, and 10 meters above, 
or spaced from, a grounded conducting surface. These voltages are based on long wire formulas. 
Practical design should account for end effects. For example, the gradient (surface field) at the ends 
of pipes increases to about twice the value for an infinite long wire. This effect can be reduced with 
the use of corona rings at or near the ends of the pipes. It is also important to note that the design of 
the connections used is very important. Sharp edges on connecting flanges can significantly reduce 
the corona free operating voltage of a pipe. 

Figure 6-64 gives similar results for stranded cables operating in typical rain conditions. The safe, 
(corona onset) voltage is seen, as expected, to be much lower than for the same diameter smooth dry 
pipe conditions. Safe operating voltages for stranded cables with dry conditions can be calculated 
using the formulas given in Table 6-2B. However, the critical gradient for wet conditions is less than 
for dry and since outside cables must be capable of wet (rain conditions) operation. Figure 6-64 gives 
the practical limiting condition for outdoor operation. 

Kstr= 0.5
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Appendix 6A  Corona Onset Data for Wires, Pipes, and Cables 

endix red at F rding d LF. 
The data sets are catalogued by a file date, usually t easurements in that file took 
place. The file date is not necessarily the date for all of the measurements in that file as some of the 
files contain data measured on different days. The list of data files and the data they contain is given 
in the table below. 
 

Data Set 
No. Date Page Configuration Freq kHz Effect 

This app contains the data measu orestport rega  corona onset at VLF an
he data when the m

1 10 Aug 94 6A-2 Outside wires 
horizontal 27.5, 40 

Repeat with new 
calibration and 
better geometry 

2 27 Oct 94 6A-5 Outside horizontal 
cages 27.5 

Caging, corona 
phenomena, 
ons/ext, power 

3 8 Feb 96 6A-8 Inside wires 
horizontal  29, 53 Air density 

4 13 May 96 6A-11 Inside pipes 
horizontal 29.2 Diameter, smooth – 

stranded 

5 11 July 96 6A-13 Outside pipe  
wet & dry 27.8, 43 Diameter, freq wet 

– dry 

6 10 Sep 96 6A-18 Outside sloping 
cable & pipe 30, 43 Slope, wet – dry 

7 5 Feb 97 6A-21 Inside horizontal 
15’ lengths 29, 47 Humidity 

8 8 Feb 97 6A-27 Inside horizontal 
10’ lengths 14 Air density 

9 15 Feb 97 6A-31 Inside horizontal 
15’ lengths 29 Air density 

10 18 Feb 97 6A-36 Inside horizontal 
15’ lengths 47 Air density 

 

The data sheets from these files are printed in the form of spreadsheets. They contain the raw 
measured data as well as the processed data. The measured corona onset voltage is given along with 
the calculated electric field and the corresponding measured wire diameter. The environmental 
parameters are given as well as the electric field and wire diameter corrected for atmospheric density. 
The file catalogue date is in the upper left-hand corner cell of each spreadsheet. 
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Cuweld 2.90 294.82 10.6 98.00 731 1.277429 1.0101 86.4 1.00 9.98 2.92 9.88 
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ct-94    
Outside Cables Above Ground (Geoff Dann Cage Measurements) 
Measurements Done on 26 Oct 
27 kHz 

  

k meter 1          

s Outside   ---   means nearly 100% Humidity         

uency  27 kHz          
  Dry conditions    Corrected For Meter and Geometry   

n Cage 
Separation 

inches 

Electro  
E max  

1/in 

Electro
E max 
1/cm 

corona
Inception

kV 

corona 
Extinction

kV k Geom

corona 
Inception 

kv/in 

corona 
Extinction 

kV/in 

Corona 
Inception 

kV/cm 

corona 
Extinction 

kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  

1 0 0.3220 0.1268 113.0 100.0 0.9938 36.2 32.0 14.2 12.6 1.13  
2 4 0.2350 0.0925 173.0 152.0 1.0101 41.1 36.1 16.2 14.2 1.138158  
2 12 0.2320 0.0913 172.0 149.0 1.0209 40.7 35.3 16.0 13.9 1.154362  
2 24 0.2420 0.0953 160.0 136.0 1.0280 39.8 33.8 15.7 13.3 1.176471  
3 4 0.1940 0.0764 190.0 162.0 1.0137 37.4 31.9 14.7 12.5 1.17284  
3 12 0.1890 0.0744 224.0 177.0 1.0303 43.6 34.5 17.2 13.6 1.265537  
3 24 0.2030 0.0799 182.0 168.0 1.0435 38.6 35.6 15.2 14.0 1.083333  
4 4 0.1680 0.0661 230.0 181.0 1.0179 39.3 31.0 15.5 12.2  
4 12 0.1610 0.0634 209.0 186.0 1.0378 34.9 31.1 13.7 12.2 1.123656 Avg 
4 24 0.1770 0.0697 203.0 184.0 1.0572 38.0 34.4 15.0 13.6 1.103261 34
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r and Geo   

 Elect  corona corona corona   
 Separation E max Inception E Inception Extinction Inception E

Ca  i 1  k  k kV/c  kV/  
 =  ==  ==  =  ==       =  ==

 0.3220 0    1.  
0 0.0925 1 1.0101 2  1 1.1
0.2320 0.0 117.0 1.  1 1.0
0 0.0 1 1.  1 1.1
0 0.0 1 1.  1 1.1
0 0.0 1 1  1 1.1

3 0 0.0 1 1  1 1.0
4 0 0.0 1 1  1.2

4 X 12" 12 0.1610 0.0634 175.0 1.0378 29.2 26.9 11.5 10.6 1.086 57 Avg 
4 X 24" 24 0.1770 0.0697 156.0 29.2 26.4 11.5 10.4 .106 83 1.113 05

 

27-Oct-94  Spray Wet Conditions    Corrected For Mete  metry 
  Electro ro corona  Corona corona 

E max xtinction  xtinction   
ge nches 1/in /cm kV kV  Geom kv/in V/in m cm CI/CE  

==== === === ==== ===  ===== ===== ===== ===== ===== ==== ===  
single 0 .1268 90.0 88.0 0.9938 28.8 28.2 11.3 11.1 022727
2 X 4" 4 .2350 127.0 07.0 30.1 5.4 11.9 0.0 86916  

2 X 12" 12 913 126.0 0209 29.8 27.7 11.7 0.9 76923  
2 X 24" 24 .2420 953 116.0 05.0 0280 28.9 26.1 11.4 0.3 04762  
3 X 4" 4 .1940 764 153.0 37.0 0137 30.1 26.9 11.8 0.6 16788  
3X 12" 12 .1890 744 152.0 38.0 .0303 29.6 26.9 11.7 0.6 01449  

X 24" 24 .2030 799 144.0 34.0 .0435 30.5 28.4 12.0 1.2 74627  
X 4" 4 .1680 661 178.0 42.0 .0179 30.4 24.3 12.0 9.6 53521  

161.0 9
141.0 1.0572 1 3 1

 

 

6A-7 



Appendix 6A Corona Onset Data for Cylinders  VLF/LF High-Voltage Design and Testing 

6A-8 

3.  8 FEB 96 
 
8 Feb 96 In 2  side wires horizontal  9, 53 kHz Air density 

 

 



Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
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08-Feb-96  Air Density Correction Factor Measurements Inside, Smooth Pipes Above Ground  Page 1 
Morning Tests, Cold  29 kHz          
Frequency 

k meter 
 

Pipes 

29.3 
1 

diameter 
cm 

kHz 
 

height to 
center cm 

Temp 
Deg C RH % 

Bp  
mm Hg 

Water 
g/m^3 

Relative 
density 

Vavg 
kV rms K geom

Corrected 
for meter 
& geom 
E kV/cm 

Density 
diameter 

cm 

c
E 

kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 
small 1.79 88.21 14.0 54.00 720 6.5 0.9834 132.8 0.9281 26.29 1.76 73 

medium 2.34 88.48 12.0 57.00 720 6.1 0.9903 167.5 0.9393 27.11 2.32 37 
large 2.96 88.79 13.0 51.00 720 5.8 0.9865 188.6 0.9429 25.54 2.92 89 

X-large 4.43 89.53 14.0 51.00 719 6.1 0.9827 244.6 0.9500 24.48 4.35 91 
    

Afternoon Tests, Warmer        Corrected   

Frequency 29 kHz        for meter Density Correction 

Pipes 
diameter 

cm 
height to 

center cm 
Temp 
Deg C RH % 

Bp  
mm Hg 

Water 
g/m^3 

Relative 
density 

Vavg 
kV rms K geom

& geom 
E kV/cm 

diameter 
cm 

E 
cm 

 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== === 
X-large 4.43 89.53 19.0 46.00 717 7.5 0.9629 241.2 0.9500 24.14 4.27 25.07 
large 2.96 88.79 18.0 46.00 717 7.0 0.9658 187.0 0.9429 25.33 2.86 26.22 

medium 2.34 88.48 18.0 46.00 717 7.0 0.9655 163.6 0.9393 26.48 2.26 27.42 
small 1.79 88.21 18.0 46.00 717 7.0 0.9655 131.4 0.9281 26.01 1.73 26.94 

    

08-Feb-96            

Afternoon Tests, Warmer        Corrected   

Frequency 29 kHz        for meter Density Correction 

Pipes 
diameter 

cm 
height to 

center cm 
Temp 
Deg C RH % 

Bp  
mm Hg 

Water 
g/m^3 

Relative 
density 

Vavg 
kV rms K geom

& geom 
E kV/cm 

diameter 
cm 

E 
kV/cm 

 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 
small 1.79 88.21 26.0 40.00 715 9.70 0.9380 129.4 0.9281 25.62 1.68 27.31 

medium 2.34 88.48 26.0 40.00 715 9.70 0.9380 157.2 0.9393 25.44 2.20 .12 
large 2.96 88.79 26.0 40.00 715 9.70 0.9380 180.4 0.9429 24.43 2.77 05 

X-large 4.43 89.53 26.0 40.00 715 9.70 0.9380 239.6 0.9500 23.98 4.16 57 

of 2

tion 

Page 2 of 2

Corre

26.
27.
25.
24.

kV/
 ==

27
26.
25.

 

VLF/LF High 

 



Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 
 

08-Feb-96  Air Density Correction Factor Measurements  Inside, Smooth Pipes above ground  Page 1 of 2

sts, Cold      
Freq cy 

k meter 
      kH

ndition     
Correc d 
for meter   

     Corre ted for De sity 
diameter to c

cm RH % 
Water Relative 

den
Vavg

kV rm K geom 
diameter 

cm 
E

kV/ m 
 == =  == =  == =  == =  == =  == =  == =  ====  ====  

   0.9499  24.  24.45 
 2      9

  9  
    .9

   

rmer      Cor

F  ond    for
       & Co d for  

di  to   Re V dia
Pipes cm cm Deg C % Hg g/m^3 den kV rm K geom kV/cm cm kV/cm 

 == =  == =  == =  == =  == =  == =  == =  === =  ====   ====  === =  === =  == = 
1.  88.  45 71 5 8.7 1.0 130.1 0.9280 25.7  1.71 26.06 

medium 2.34 88.48 4  7.  1.  0.9392 2.26 26.82 
large 2.96 88.79 1  716.8 7.0 1.0 187.8 0.9429 2.86 25.74 

X-large 4.43 19.0 48 719.8 7.  1.  0.9499   
      

0         Pa

ond    Cor
     for

      & D  Corr
 diameter to center Temp RH Bp Water Relative Vavg  E diameter E 

Pipes cm cm Deg C % mm Hg g/m^3 density kV rms K geom kV/cm cm kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 
small 1.79 88.21 25.0 40.00 1016 9.2 0.9 130.17 0.928058 25.77 1.69 27.39 

medium 2.34 88.48 25.0 40.00 1016 9.2 0.9 152 0.939277 24.60 2.21 26.14 
large 2.96 88.79 25.0 40.00 1016 9.2 0.9 180.6 0.942926 24.46 2.78 25.99 

X-large 4.43 89.53 25.0 40.00 1016 9.2 0.9 226.2 0.94999 22.64 4.17 24.07 

 

Morning Te  52 kHz     
uen 52.4 

1 
z 

Dry Co s   
te

  height   & geom 
E 

c n

Pipes cm 
enter Temp 

Deg C  
Bp  

mm Hg g/m^3 sity 
  
s kV/cm 

 
c

== ==  ===== == == == == == = = =====  =====  ===== 
X-large 4.43 89.53 14.0 51 719.3 6.1 1.0 241.4 9 16 4.35 
large .96 88.79 12.5 52 719.6 5.7 1.0 189 0. 42926 25.60 2.92 25.90 

medium 2.34 88.48 12.0 59 720.1
719.8 

6.3 1.0 
 

164.7 0.
0

39277 26.66 2.32 26.97
small 1.79 88.21 13.0 72.5 8.2 1.0 137.8 28058 27.28 1.77 27.60 

 

 Afternoon Tests, Wa  rected   

requency 52.7 kHz Dry C itions    meter   

height   geom rrecte Density
 ameter  center Temp RH Water lative avg  E meter E Bp 

mm 
==

sity 
=

s 
=

 
=== == == == == == = = ==

small 79 21 22.0 6. 58 6
18.0 6.5 716.8 1 0 163.8 77 26.51 
8.0 46 26 25.44 

89.53 8 0 232.8 9 23.30 4.28 23.58
       

8-Feb-96     ge 2 of 2
Afternoon Tests, Even Warmer Dry C itons   rected   

Frequency 53 kHz    meter   
 height   geom ensity ection 

6A-10 



VLF/LF High Voltage Design and Testing   Appendix 6A Corona Onset Data for Cylinders 
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4.  13 MAY 9
 
13 May .2 , smooth – stranded 

6 

96 Inside pipes horizontal 29  kHz Diameter

 

 



Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design 

13-May-96 
 

Horizontal Rod Tests 
Pipe

30 kHz     

sts         

Tests actu 4        
y 

r     
Co cted

r
        C

r t r 
Deg C 

 r 
es

e 
y kV rms   

r 
 

= =     = = = =  = =  
           

           

na I on           
s 733 20 0.98 92.4 13.53 2.62 

s all 79 88.21 1 4 6 00 3 38 0.98 73.2 0. 281 1 49 1.76 14.74 
 34 88.48 19.4 1. 0. 393  2.30 13.49 

2.96 733 38 0.98 89.3 0. 429  2.90 12.31 
e 43  19.4 60.00 733 38 0.98 104.2 0. 500   

           

1 6 6 
H l Ro s 
I s  a u
5     

s
4          

          m ty Co  
 diameter to center Temp RH Bp Water Relative Vavg  E diameter E 

Pipes cm cm Deg C % mm Hg % moles density kV rms K geom kV/cm cm kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 

Wet Corona Inception            
x-large 4.43 87.31 21.7 54.00 733 1.43 0.97 79.2 0.9429 7.92 4.32 8.12 
large  2.96 87.31 21.7 54.00 733 1.43 0.97 78.3 0.9393 10.60 2.88 10.88 

medium 2.34 88.48 21.7 54.00 733 1.43 0.97 72.6 0.9500 11.88 2.29 12.19 
small 1.79 88.21 21.7 54.00 733 1.43 0.97 64.8 0.9281 12.83 1.75 13.16 

 

 

Inside, Smooth 
Note Rods

s & 1 Cable Above Ground 
 are 10 ft long, Cable is 15.5ft long 

 
Morning Te    

ally done on 1  may    
Frequenc

k mete
29.2 

1 
kHz 

    
rre

for mete   

height    & geom Density orrection 

Pipes 
diamete

cm 
o cente

cm 
Temp 

RH % 
Bp 

mm Hg 
Wate

% mol
Relativ
densit

Vavg  
K geom

E 
kV/cm

diamete
cm 

E 
kV/cm

 ====  ====  ===== =====  =====  ====  ====  ====  ====  =====  ====  ====  =====

Dry Flare  
stranded

W ro

2.67 88.65 19.4 52.00 733 1.20 0.98 126.3 0.9412 18.50 2.62 18.82

et Co
tran

ncepti
ded 2.67 

 
13.77 88.65 19.4 52.00 1. 0.9412 

m 1. 9. 0. 73 1. 9 4.
medium 2. 60.00 733 38 0.98 81.9 9  13.25

large  88.79 19.4 60.00 1. 9  12.09
x-larg 4. 89.53 1. 9  10.43 4.35 10.62

  

3-May-9 14-May-9
 

orizonta d Test
nside, Sm
2 

ooth Pipe & 1 cable bove gro nd 
kHz  

Afternoon Te
Tests actu

ts 
ally done on 1  May  

Frequency 52 kHz & geo Densi rrection

6A-12 
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5.  11 JULY 96 
 

r, freq wet – dry 11 July 96 Outside pipe wet & dry 27.8, 43 kHz Diamete

 

 



Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

 

11-Jul-96  und      
      

28 kHz        

t side   - plies at r n        

       
c  

con ete   
t m si tion 

ter ter p  p er ive vg   mete E 
   C   Hg 3 sity kV rms m cm cm /cm 
= = = == =  ===== == == == = === === === 

 2 2 8 0 2 03 40  .40  

 15.24 5 8 0 2 03 40  .30  

310.52 13.3 88.00 732 10.15 1.0021 
2" 5.07 311.78 13.3 88.00 732 10.15 1.0021 279.5 1.00 20.18 5.09 20.13 

1.74" 4.42 307.34 13.3 88.00 732 10.15 1.0021 243.7 1.00 19.74 4.43 19.70 
3.83 12.8  240.8 3.84 21.79 

1. 5" 19 3 2.74 2.8 6.00 32 .58 1.0037 204.4 .00 8 3.20 21.50 
 57 7 2.8 6.00 732 .58 1.0037 78.2 .00 3 45 

  00 8 6 5 8 .00 3.34 8 23.58 
   

 ce s la i low  

st ide   lies   cted   
        eter  

t om nsit ction 

diameter to center Temp RH Bp Wat r Relative Vavg  E diameter E 
Pipes cm cm Deg C % mm Hg g/m^3 density kV rms K geom kV/cm cm kV/cm 

 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 
.27" strand 0.69 312.13 15.6 92.00 728 12.16 0.9895 50.2 1.00 19.51 0.68 19.71 

1" 2.57 313.07 15.6 92.00 728 12.16 0.9895 100.9 1.00 12.75 2.54 12.89 
1.25" 3.19 309.57 15.6 92.00 728 12.16 0.9895 105.9 1.00 11.20 3.15 11.32 
1.5" 3.81 310.52 15.6 92.00 728 12.16 0.9895 120.4 1.00 10.99 3.77 11.11 
1.74" 4.42 310.18 15.6 92.00 733 12.16 0.9964 127.8 1.00 10.33 4.40 10.37 

2" 5.07 310.51 14.4 90.00 728 11.11 0.9937 134.1 1.00 9.69 5.04 9.75 
4" 10.16 313.06 14.4 90.00 728 11.11 0.9937 174.2 1.00 7.24 10.10 7.29 
6" 15.24 312.42 14.4 90.00 728 11.11 0.9937 197.6 1.00 6.03 15.14 6.07 

Outside, Pipes Above Gro
   

Also Includes July 17 Data 
    

July 11, 1996 - Corona Inception   

Night tes s Out --   im  o early 100% Humidity 

F yrequenc
r 

 27.8
 

kHz
 

     
k mete

 
1
D

 
 

  
 

 
 

 
 

 
 

 
 

Corre
for m

ted  
ry 

 
di s 

heigh
tion  

 
r 
 Den       & geo ty Correc

 diame  to cen  Tem  RH B  Wat  Relat  Va  E dia r
Pipes cm cm Deg  % mm  g/m^  den K geo kV/ kV

 ====  ====  ====  ===  ====  ===  ===  ===  ====  ==  ==   ==

   8" 20.3  312.4  12.  90.0  73  10.  1.00 1.00 20  

   6"  311.1  12.  90.0  73  10.  1.00 1.00 15  
  4" 10.16 1.00 10.18  

1.5"  313.06  86.00 732 9.58 1.0037 1.00 21.87 
2 3. 1 1 8 7 9 1  21.5
1" 2.  313.0 1 8 9 1 1  22.5  2.57 22.

.27 " strand 0.69 305.14
 

15.6 92. 72 12.1  0.989  59. 1 2  0.6  
         

    17-Jul-96 Corona In ption for maller Diameters, F re Incept on for larger (see be ) 
  CorreNight te s Outs ---   imp at or nearly 100% Humidity 

Frequency 28 kHz  for m   
 Spray Wet heigh        & ge De y Corre
 e

6A-14 



Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
6A-15 

11-Jul-96             
17-Jul-96 Flare Inception           

s Outside   ---   implies at or nearly 100% Humidity     Corrected   
Frequency 28 kHz        for meter   

 Spray Wet height        & geom Density ction 
 diameter to center Temp RH Bp Water Relative Vavg  E diameter E 

Pipes cm cm Deg C % mm Hg g/m^3 density kV rms K geom kV/cm cm kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 

.27" strand 0.69 312.13 15.6 92.00 728 12.16 0.9895 113.3 1.00 44.08 
1" 2.57 313.07 15.6 92.00 728 12.16 0.9895 115.3 1.00 14.58 

1.25" 3.19 309.57 15.6 92.00 728 12.16 0.9895 121.0 1.00 12.80 
1.5" 3.81 310.52 15.6 92.00 728 12.16 0.9895 125.1 1.00 11.42 
1.74" 4.42 310.18 15.6 92.00 733 12.16 0.9964 129.7 1.00 10.49 

2" 5.07 310.51 14.4 90.00 728 11.11 0.9937 136.0 1.00 9.82 5.04 9.88 
4" 10.16 313.06 14.4 90.00 728 11.11 0.9937 174.2 1.00 7.24 10.10 7.29 
6" 15.24 312.42 14.4 90.00 728 11.11 0.9937 197.6 1.00 6.03 15.14 6.07 
8" 20.32 313.69 13.9 94.00 728 11.22 0.9956 229.8 1.00 5.67 20.23 5.70 

 

0.68 44.55 
2.54 14.73 
3.15 12.94 
3.77 11.54 
4.40 10.53 

 Corre

 

VLF/LF High 

 

Night test



Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

 

11-Jul-96 oun      

July 11, 1996 - Corona Inception 43 kHz          
early 100% Hum      

        
k meter 1         

 o      cte   
ht m sity on 

r e   er  
C Hg 3 ity ms m m  m 

= = = = == = == = = = == == 
  7  87.00 2  6 0  21.24 8 3 
  2 2 9.37 1.0056 213.2  4 3 3 

2"  5 2  6 6  5 2 6 
 3 2  6 4  3 6 2 

       

17-Jul-96 ception for smaller Diameter  Flare In eption fo arger (se below)      
s O tsid or n   d   

Frequen Hz        er   
Spr  Wet        tion 

  r e g  E r E 
  3 y s m m m 

= = = = = = = = = = 
 9 8 7 6 7   7 2 
 9 8 7 6 1   4 6 

  8 8 7 6 6  6 7 
315.60 13.3 96.00 728 07 0.9976 105.8 1.00 9.63 3.80 9.65 

1" 2.57 310.53 13.3 96.00 728 11.07 0.9976 90.0 1.00 11.40 2.56 11.42 
.27" strand 0.69 317.21 12.8 94.00 728 10.48 0.9995 52.2 1.00 20.26 0.69 20.27 

 Outside, Cables Above Gr d Also Includes July 17 Data 

Night tests Outside   ---   implies at or n idity   
Frequency 43 kHz     

   
Dry c nditions   Corre d

  heig        & geo Den Correcti
 diameter to cente  Temp RH Bp Water Relativ  Vavg E diamet E

cables cm cm Deg % mm g/m^ Dens kV r K geo kV/c cm kV/c
 =====  ====  ====  ====  ====  ===  ====  ===  ====  ====  ====  ===  ===

1" 2.57 313.0  12.2  73  9.37 1.005  168.  1.00 2.5 21.1
1.5" 3.81 312.4  12.2 87.00 73  1.00 19.4 3.8 19.3

5.07 313.0  11.1 88.00 73  8.84 1.009  276.  1.00 19.9 5.1 19.7
4" 10.16 314.3  11.1 88.00 73  8.84 1.009  282.  1.00 11.7 10.2  11.6

      

Corona In s, c r l e 
Night test u e   ---   implies at early 100% Humidity   Correcte

cy 42 k for met
 ay height & geom Density Correc
 diameter to center Temp RH Bp Wate  Relativ  Vav  diamete

cables cm cm Deg C % mm Hg g/m^ Densit kV rm K geo kV/c cm kV/c
 =====  =====  =====  ====  ====  ====  ====  ====  ====  ====  ====  ====  ====

8" 20.32 313.6  13.3 96.00 72  11.0  0.997 202.  1.00 5.00 20.2  5.0
4" 10.16 313.6  13.3 96.00 72  11.0  0.997 155.  1.00 6.44 10.1  6.4
2" 5.07 311.7  13.3 96.00 72  11.0  0.997  122.  1.00 8.85 5.0  8.8

1.5" 3.81 11.

6A-16 



 

VLF/LF High Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 

l-96        
 F re In       

e   --  implies early 100% Corrected  
Frequency 2 kHz        for meter   

Spray    & g om sity Corr tion 
Temp r Re tive Vavg  r E 
Deg C % g/m^3 De sity s k cm 

 == =  ===== =  == =  == =  = ==  =====  =====  =====  == == 
  9     1 0 0 2 
 6 69  96       
 8       
  315.60 13.3 728 07 0.9976 10.14 

 2 7 3 0.53 1 3 96.  728 1 07 0.9976 99.2 1 0 1 56 2.56 12.59 

d 0.69  

 

 
11-Ju
17-Jul-96

  
 ception  

   
   la

Night tests Outsid -   at or n Humidity      
 4

 Wet height     e Den ec
 diameter to center RH Bp Wate la E diamete

cables cm cm  mm Hg n kV rm K geom kV/cm cm V/
==  ==== == == == =  =====  =====  ===== 

8" 20.32 313.69 13.3 6.00 728 11.07 0.9976 202.7 .0 5.0 20.27 5.0
4" 10.1 313.  13.3 .00 728 11.07 0.9976 155.1 1.00 6.44 10.14 6.46
2" 5.07 311.7  13.3 96.00 728 11.07 0.9976 122.6 1.00 8.85 5.06 8.87

1.5" 3.81 96.00 11. 111.2 1.00 10.12 3.80 
1" .5 1 3. 00 1. .0 2.

.27" stran 0.69 317.21 12.8 94.00 728 10.48 0.9995  1.00  
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VLF/LF High Voltage Design and Testing   Appendix 6A Corona Onset Data for Cylinders 
 

6A-18 

6.  10 SEP 96 
 

1 e sloping cable & pipe 30, 43 kHz Slope, wet – dry 0 Sep 96 Outsid

 

 



Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
6A-19 

10-Sep-96  Sloping Pipe Measurements Outside Pipes at 30 degree Angle to Ground   

   30 kHz Data         

Frequency 29.189 kHz Night Tests Outside, implies at or nearly 100 % relative humidity     
k meter 1         Corrected   

Dry Corona or Flare Inception        for meter   
  height        & geom Density Correction 

 diameter to center Temp RH Bp Water Relative Vavg  E diameter E 
Pipes cm cm Deg C % mm Hg g/m^3 Density kV rms K geom kV/cm cm /cm 

 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== ==== 
1/4" strand 0.69 457.54 14.4 92.50 725 11.42 0.9895 62.4 0.9234 21.32 0.68 1.54 
1" strand 2.57 458.48 7.1 94.43 725 7.34 1.0144 120.6 0.9630 13.81 2.60 3.62 

1/2 stainless 1.27 457.84 10.0 94.00 725 8.80 1.0040 122.0 0.9485 25.09 1.28 4.99 
3/4 stainless 1.91 458.15 8.0 94.30 725 7.77 1.0112 144.6 0.9556 21.16 1.93 0.93 

1" 2.57 458.48 14.4 94.00 725 11.61 0.9895 164.3 0.9630 18.82 2.54 9.02 
1.25" 3.18 458.79 13.9 94.00 726 11.22 0.9918 136.8 0.9697 13.19 3.15 3.29 
1.5" 3.81 459.11 16.7 92.00 724 13.00 0.9802 143.0 0.9737 11.88 3.73 2.12 

             
          Corrected   

Wet Corona or flare inception        for meter   
  height        & geom Density Correction 
 diameter to center Temp RH Bp Water Relative Vavg  E diameter E 

Pipes cm cm Deg C % mm Hg g/m^3 Density kV rms K geom kV/cm cm kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 

1/4" strand 0.69 457.54 14.4 92.50 725 11.42 0.9895 62.8 0.9234 21.45 0.68 21.68 
1" strand 2.57 458.48 6.7 94.50 725 7.14 1.0160 117.3 0.9630 13.44 2.61 13.23 

1/2 stainless 1.27 457.84 9.3 94.10 725 8.44 1.0064 81.4 0.9485 16.74 1.28 16.63 
3/4 stainless 1.91 458.15 7.6 94.37 725 7.55 1.0128 92.8 0.9556 13.58 1.93 13.41 

1" 2.57 458.48 14.4 92.50 725 11.42 0.9895 101.2 0.9630 11.59 2.54 1.72 
1.25" 3.18 458.79 13.9 94.00 726 11.22 0.9918 111.9 0.9697 10.79 3.15 0.87 
1.5" 3.81 459.11 16.7 92.00 724 13.00 0.9802 132.6 0.9737 11.02 3.73 1.24 
1.74" 4.42 459.41 14.4 100.00 724 12.35 0.9878 138.7 0.9773 10.22 4.37 10.35 

2" 5.08 459.74 13.9 100.00 724 11.93 0.9897 147.5 0.9806 9.72 5.03 9.82 
4" 10.16 462.28 12.8 100.00 724 11.14 0.9936 194.8 0.9979 7.43 10.09 7.48 

 

 

kV
 =
2
1
2
2
1
1
1

1
1
1
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Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

 

10-Sep-96   O ound    
             

Meas rement ally done on 11 & 12 Data     

N      
4 164         

  
ro e I er

m y C n 
r r      r  

 C g D  s    m 
= =  = =  =  =   =  = = = 

    0 1  0      7 
    1  0      1 

1 ss      1    0 
ss      1    2 

  458.48 15.0 100.00 724 1  19.59  19.87 
 18 0 12. 0 697  13 16.63 

      
         d  

ce  
m  C n 

r r     r  
   

= =  = =  =  = =  = = = 
   0     3 
    1       7 

ss 725 6.20 76.8 15.79 1.30 15.42 
3/4 stainless 1.91 458.15 3.9 94.00 725 5.91 1.0265 87.5 0.9556 12.81 1.96 12.48 

1" 2.57 458.48 15.0 100.00 724 12.77 0.9859 100.0 0.9556 11.37 2.53 11.53 
1.25" 3.18 458.79 15.0 100.00 724 12.77 0.9859 109.3 0.9697 10.53 3.13 10.68 
1.5" 3.81 459.11 17.8 80.00 722 12.08 0.9731 129.8 0.9737 10.78 3.71 11.08 
1.74" 4.42 459.41 16.1 82.00 722 11.20 0.9794 134.7 0.9773 9.93 4.33 10.14 

2" 5.08 459.74 16.1 82.00 722 11.20 0.9794 147.3 0.9806 9.71 4.98 9.91 
4" 10.16 462.28 16.1 82.00 722 11.20 0.9794 183.7 0.9979 7.01 9.95 7.16 

Sloping Pipe Measurements utside Pipes at 30 degree Angle to Gr

u s actu Sept 43 kHz   

ight Tests Outside, implies at or nearly 100 % relative humidity   
Frequency 3.  kHz    

  k meter
Dry Co

1 
na or Flar

  
 

 
 

  
 

  
 

Corrected
nception    

 
fo et
& geo
r m   

orrectio  height       Densit
diamete diamete  to cente  Temp RH Bp Water Relative Vavg E E

Pipes cm cm Deg % mm Hg /m^3 ensity kV rm K geom kV/cm cm kV/c
 =====  ====  ==== ====  ==== ==== ==== =====  ====  =====  ====  ====  ====
1/4" std
1" std 

0.69 457.54 15.0 100.0 724 2.77 .9859 61.4 0.9234 20.97 0.68 21.2
2.57 458.48 17.8 80.00 722 2.08 .9731 137.7 0.9630 15.78 2.50 16.2

/2 stainle 1.27 457.84 4.4 95.00 725 6.20 .0245 110.6 0.9485 22.74 1.30 22.2
3/4 stainle

"
1.91

.57
458.15 3.9 94.00 725 5.91

2. 7
.0265 143.2

0.9859 171.0 
 0.9556

0.9630 
 20.96 1.96

.53
20.4

1 2 7 2
1.25"

 
3. 458.79 15.

 
 100.00

 
 724 

  
77 0.9859 170.1 

 
.9  16.40 3.

 
 Correcte

for meter
 

 Wet Corona or flare in ption        
 sity  height      

 
  & geo Den orrectio

 diamete
 

 to cente  Temp
D C 

 RH Bp Water
g/

Relative Vavg
s 
 

m
E

m
diamete

 
E

mPipes cm cm eg % mm Hg m^3 Density kV rm K geo kV/c
 ====

cm kV/c
 ===== 
1/4" std 

 ====  ==== ====  ==== ==== ====  =====  ====
58.7

 =====  ====  ====
0.69 457.54 15.0 100.0 724 12.77 0.9859 0.9234 20.04 0.68 20.3

1" std 
1/2 stainle

2.57
1.27 

458.48
457.84 

17.8
4.4 

80.00
95.00 

722 2.08 0.9731
1.0245 

109.3 0.9630
0.9485 

12.52 2.50 12.8
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7.  5 FEB 97 
 

Humidity 5 Feb 97 Inside horizontal 15’ lengths 29, 47 kHz 

 

 

 



Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

 

05-Feb-97  Humidity Correction Factor Inside, Smooth Pipes Above Ground     
        

g side ng outsi e 29 kHz ow Humidity     
Freq cy 29.3         d

 
 ity C n 

  r     r
  y s   m 

 = = =  = = = =  = = = 
       1 
      6 
      1 
      8 
       5 

4.47 88.83 18.5 32.00 722 6.01 0.96 220.9 0.9697 22.47 4.29 23.38 
5.08 17.4 37.00 722 7.15 0 96 2 4.4 0. 14 2 61 4.87 23.57 

         
05-Feb-97   Afternoon Tests      

       
de  for meter

 y n 
  r  r   E r

   s   m 
 = = =  = =  =   =====  ===== = 

       3 
63.8 0.9583 17.97 1.20 18.36 

1" Al 2.62 69.91 18.1 27.00 721 4.14 0.97 98.4 0.9645 15.82 2.54 16.28 
1-1/4" Al 3.24 74.72 17.3 31.00 721 4.56 0.97 118.0 0.9658 15.90 3.15 16.32 

     

Wed Mornin  warm in  raini d  L  
uen kHz Correcte   

k meter 1         for meter  
  height        & geom Dens orrectio

smooth diameter to cente  Temp RH Bp Water Relative Vavg  E diamete E 
pipes cm cm Deg C % mm Hg g/m^3 Densit kV rm K geom kV/cm cm kV/c

 ===== ====  ====  ====  =====  ====  ====  ====  ====  =====  ====  ====  ====
1/2" ss 1.29 78.85 18.3 36.20 722 7.41 0.96 93.8 0.9588 25.55 1.23 26.7
3/4" ss 1.91 82.46 18.7 35.80 722 6.53 0.96 124.5 0.9619 24.61 1.84 25.5
1" Al 2.53 85.97 24.2 23.50 722 4.81 0.96 155.7 0.9642 24.49 2.42 25.6

1.25" Al 3.17 87.39 20.5 24.00 722 4.64 0.96 176.0 0.9656 23.21 3.04 24.1
1.5" Al 3.87 87.84 21.1 26.50 722 5.12 0.96 201.2 0.9679 22.80 3.72 23.7
1.75" Al 

2" Al 89.44 . 4 97 2.
    

   
  29 kHz Low Humidity  Co ctedrre

   Stran d Dry        
  

di er
height  

p
 

 
 

 
  

e
  & geom Densit Correctio

 Stranded amet to cente Tem RH Bp Wate Relativ Vavg  diamete
cm 

E
Cables 
  

cm cm Deg C % mm Hg g/m^3 Density kV rm K geom kV/cm kV/c
===== ====  ====  ====  =====  ====  ====  =====  ====  =====  ====

1/4" galv 
1/2" galv 

0.67 
1.22 

85.83
82.81 

16.9 
16.1 

35.50 
35.50 

721
721 

5.08 0.98
4.85 0.98 

44.7 0.9541 20.61 0.65 21.1

6A-22 



 

VLF/LF High Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 

n actor     
29 kHz  Corrected   

       
t    sity Corr ction 

r r Temp RH Bp r Relative Vavg  r E 
Deg C  Density kV rms  

 ===== = =  =  =  = ===  == === 
1.29 89.85 52.50      

    
       6 

18.9       1 
       2 
       4 
       8 

            
07-F Tests nde ted

        for meter   
 sity Corr ction 

Stranded diameter to center Temp H p r Relative Vavg  r E 
Ca es C  Density s  

= ==  =  =  =====  == === 
0 7.99     

     
       8 

73.82        9 

 
05-Feb-97 
Frequency 

 Humidity Correctio
kHz  

F Inside, Smooth Pipes Above Ground 
medium hum dity  29.5 i  

07-Feb-97  
  

 
 

  
  

for meter
& geom heigh

to cente
 Den e

smooth diamete Wate E diamete
pipes cm cm % mm Hg g/m^3 K geom kV/cm cm kV/cm

 =====  =====  ====  ==== ====  =====  =====  ==== = ===  =====  ==
1/2" ss 16.8 729 8.52 0.98 99.2 0.9588 26.38 1.26 26.94
3/4" ss 1.91 82.76 16.9 55.00 729 8.93 0.98 125.0 0.9619 24.69 1.87 25.21
1" Al 2.53 85.97 18.1 64.50 729 9.87 0.98 152.8 0.9642 24.04 2.49 24.4

1.25" Al 3.17 87.29 52.50 729 8.03 0.98 174.4 0.9656 23.00 3.12 23.4
1.5" Al 3.87 87.24 18.6 52.50 729 8.52 0.98 199.4 0.9679 22.64 3.79 23.1
1.75" Al 4.47 88.53 18.5 57.00 729 9.25 0.98 213.0 0.9697 21.68 4.38 22.1

2" Al 5.08 88.84 17.4 54.00 729 8.77 0.98 238.6 0.9714 22.11 4.97 22.5

 
eb-97  Morning 29 kHz Medium humidity Stra d Dry  Correc   
  
  height       & geom Den e

R B Wate E diamete
bl cm cm Deg % mm Hg g/m^3 kV rm K geom kV/cm cm kV/cm

 =====  =====  =====  ====  === ====  =====  =====  ==== ===  =====  ==
1/4" galv 0.67 84.93 17.4 54.0 729 0.98 52.0 0.9541 24.01 0.66 24.38
1/2" galv 1.22 83.21 17.8 57.00 729 8.64 0.98 61.4 0.9583 17.27 1.20 17.58

1" Al 2.62 74.91 17.1 56.00 729 8.10 0.99 102.6 0.9645 16.24 2.58 16.4
1-1/4" Al 3.24 16.9 58.00 729 8.30 0.99 136.4 0.9658 18.43 3.19 18.6
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05-Feb-97  Humidity Correction Factor Inside, Smooth Pipes Above Ground    
            

Frequency 29.5 kHz  29 kHz High humidity    Corrected   
07-Feb-97          for meter  

  height        & geom Density Co ti
smooth diameter to center Temp RH Bp Water Relative Vavg  E diameter E
pipes cm cm Deg C % mm Hg g/m^3 Density kV rms K geom kV/cm cm kV/cm 

 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 
1/2" ss 1.29 80.85 21.3 90.00 729 20.64 0.96 77.6 0.9588 21.04 1.24 93 
3/4" ss 1.91 82.86 18.4 90.00 729 15.49 0.98 105.0 0.9619 20.74 1.87 25 
1" Al 2.53 85.17 17.8 90.00 729 16.42 0.97 128.2 0.9642 20.21 2.46 78 

1.25" Al 3.17 86.69 17.8 89.00 729 15.32 0.98 156.2 0.9656 20.63 3.10 14 
1.5" Al 3.87 87.44 17.2 89.00 729 15.32 0.98 162.7 0.9679 18.46 3.78 92 
1.75" Al 4.47 88.33 16.9 89.00 729 15.32 0.98 210.8 0.9697 21.47 4.36 00 

2" Al 5.08 89.14 20.1 90.00 729 16.42 0.97 221.7 0.9714 20.53 4.94 11 
             

07-Feb-97  Afternoon Tests 29 kHz High humidity Stranded Dry  Corrected   
          for meter   
  height        & geom Density Correction 

Stranded diameter to center Temp RH Bp Water Relative Vavg  E diameter E 
Cables cm cm Deg C % mm Hg g/m^3 Density kV rms K geom kV/cm cm kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 

1/4" galv 0.67 85.53 18.2 87.00 729 13.44 0.98 46.0 0.9541 21.21 0.65 59 
1/2" galv 1.22 83.11 18.1 85.00 729 13.09 0.98 56.8 0.9583 15.98 1.20 27 

1" Al 2.62 87.21 18.0 85.00 729 13.01 0.98 81.2 0.9645 12.42 2.57 64 
1-1/4" Al 3.24 73.62 19.0 83.00 730 13.47 0.98 105.0 0.9658 14.20 3.17 14.49 

 
 

 
on 
 

rrec

21.
21.
20.
21.
18.
22.
21.

21.
16.
12.
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VLF/LF High Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 

Hu idit m oth Pipes Abov  Ground 

Wed Morning warm inside aini ow Humidi   
Freq cy 47 kHz      Corr ted   

k meter 1         for meter   
     & geom Den ity Correc on 

 to er Temp RH Water Vavg diameter
C mm Hg Den ity kV rms 

 == ==  == =  == == ===  == ==  == =  == =  == =  == ==  == =  == =  == = 
6.7 72  4.  0.  10 4 0.9 88   

  0.9 19 2  2  
       

3.17 25.00     23.90   
2      
0   223.0     

88.74 7        
            

0  Hz Humi nded C d
          fo   
  height        geom Corre  

diam ter to center RH Water diameter
mm Hg Den ity kV rms 

 == ==  == =  == ==  == =  == =  == =  == ==  == =  == =  == =  == = 
728 3.44 0.99 47.8 0.9541 22.02 0.66 22.34 

16.9 728 3.74 0.99 67.6 0.9 83  1.21 19.32 
17.8 728 3.70 0.98 118.0 0.9 45   

 7    0.9658  

 
05-Feb-97  m y Correction Factor Inside, S o e     

 r ng outside  47 kHz L ty     
uen    ec

  height   s ti
smooth diameter  cent Bp Relative  E E 
pipes cm cm Deg % g/m^3 s K geom kV/cm cm kV/cm 

= == =  == = == == == = ==  ===== == ==
1/2" ss 1.29 80.55 1 26.00 8 48 97 1. 5  27.52 1.26 28.25
3/4" ss 1.91 83.16 17.2 25.50 728 4.39 0.97 130.2 6 5.69 1.86 6.37
1" Al 2.53 84.97 17.7 25.00 728 4.30 0.97 158.8 0.9642 25.05 2.47 25.70

1.25" Al 86.49 17.8 728 4.30 0.97 180.8 0.9656 3.09 24.52
1.5" Al 3.87 87.24 17. 24.00 728 4.13 0.97 204.6 0.9679 23.23 3.77 23.84
1.75" Al 4.47 88.33 17. 24.00 728 4.38 0.97 0.9697 22.72 4.34 23.38

2" Al 5.08 16. 26.00 729 4.22 0.98 239.8 0.9714 22.23 4.97 22.72

 
5-Feb-97   47 k Low dity Stra Dry   orrecte

r meter
  

& Density ction
Stranded 
Cables 

e  Temp 
C 

Bp Relative Vavg  E E 
cm 
==

cm 
=

Deg 
 ====

% 
 ===== 

g/m^3 
==

s
==

K geom 
==

kV/cm 
==

cm 
==

kV/cm 
=== = 

16.9 24.00 
== =

1/4" galv 0.67 86.13 
1/2" galv 1.22 82.81 26.00 5  19.04

 1" Al 2.62 
3.24 

81.51 
74.52 

24.50 
25.00 

6 18.32
18.60

2.57 18.65
3.18 18.93 1-1/4" Al 17.4 2  8 3.70 0. 89 13 .08
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05-Feb-97 

 
 Humi ty C m oth Pipes Abov  Ground 
        

Thurs Afterno d  Humidity Corr ted
Freq cy 47 kHz        for meter   

   & geom Den ity Correc ion 
Vavg diameter

cm Deg C % mm Hg g/m^3 den ty kV rms 
 == ==  == =  == ==  = ===  == ==  == =  == =  == =  == ==  == =  == =  == = 

18.7 12. 7 0.  95.8 0.9 88   
7   0.9619  

      
       
       
       
       

0  s Hu ded C d
          fo   
  height        geom Corre  

Stranded diam ter to center Temp R  Water diameter
es cm % mm Hg g/m^3 den ty kV rms 

 == ==  == =  == ==  == =  == =  == ==  == =  == =  == =  == = 
8.69 0.98 50.8 0.9 41 23 1 0.65 23.97 

19.3 8.28 0.98 64.4 0.9 83  1.19 18.60 
18.9 8.71 0.98 111.6 0.9 45  2.56 17 8 
18.0 7  9.  0.  13 8 0.9 58   

di orrection Factor Inside, S o e     
    

on, Cloudy and col 47 kHz Medium    ec   
uen

06-Feb-97  height     
smooth diameter to center Temp RH Bp Water Relative 

s t
E  E 

pipes cm si K geom kV/cm cm kV/cm 
= == = = = == == == = ==  ===== == ==

1/2" ss 1.29 80.75 65.00 727 5 97 5  25.99 1.25 26. 8
1.85 24.13 

8
3/4" ss 1.91 82.96 17.1 

17.3 
62.50 28 

727 
12. 8
10.77

0 0. 7 
0.97 

9 11 .2
151.2

8 23.34
1" Al 2.53 84.57 59.00 0.9 42

0.9656
6 23 7

23.05
.8 2.46 24 1

23.75
.6

1.25" Al 3.17 86.39 17.7 50.00 728 9.12 0.97 174.4 3
3.76

.08
1.5" Al 3.87 87.14 18.3 44.00 728 8.03 0.97 199.4 0.9679 22.64 23.33
1.75" Al 4.47 88.93 18.3 58.00 728 9.99 0.97 217.8 0.9697 22.15 4.35 22.74

2" Al 5.08 88.54 18.5 53.50 728 9.21 0.97 230.8 0.9714 21.41 4.94 21.98

6-Feb-97  Afternoon Te ts 47 kHz Medium midity Stran  Dry  orrecte   
r meter

& Density ction
e H Bp Relative Vavg  E E 

Cabl cm Deg C si K geom kV/cm cm kV/cm 
= == =  =====  =====  ===== == == = == == == ==

1/4" galv 0.67 85.83 19.2 53.00 728 5 .4
1/2" galv 1.22 82.41 50.00 728 5  18.15

1" Al 2.62 82.51 54.00 728 6  17.28 .6
1-1/4" Al 3.24 86.32 62.00 28 49 98 3. 6  17.42 3.18 17.76
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8.  8 FEB 97 
 

sity 8 Feb 97 Inside horizontal 10’ lengths 14 kHz Air den

 

 



Appendix 6A Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

 
08-Feb-97  Humidity Correction Factor Inside, Smooth Pipes Above Ground     

             
Sat Morn, Sunny & cold, frost on trees  47 kHz High Humidity   Corrected   
Frequency 47 kHz        for meter   

  height        & geom Density Correction 
smooth diameter to center Temp RH Bp Water Relative Vavg  E diameter E 
pipes cm cm Deg C % mm Hg g/m^3 density kV rms K geom kV/cm cm kV/cm 

 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 
1/2" ss 1.29 80.75 17.4 79.00 732 12.83 0.98 75.0 0.9588 20.34 1.27 20.70 
3/4" ss 1.91 82.96 16.9 78.00 732 12.66 0.98 105.8 0.9619 20.89 1.88 21.24 
1" Al 2.53 85.87 17.6 83.00 732 13.47 0.98 128.6 0.9642 20.24 2.49 20.58 

1.25" Al 3.17 86.99 18.2 80.00 732 12.99 0.98 136.6 0.9656 18.03 3.12 18.33 
1.5" Al 3.87 87.44 17.8 82.00 732 14.12 0.98 158.5 0.9679 17.99 3.79 18.36 
1.75" Al 4.47 88.33 18.7 78.00 732 13.43 0.98 187.7 0.9697 19.12 4.38 19.52 

2" Al 5.08 89.24 18.1 81.00 732 14.78 0.98 203.2 0.9714 18.81 4.96 19.26 
             

06-Feb-97  Afternoon Tests 47 kHz High Humidity Stranded Dry  Corrected   
          for meter   
  height        & geom Density Correction 

Stranded diameter to center Temp RH Bp Water Relative Vavg  E diameter E 
Cables cm cm Deg C % mm Hg g/m^3 density kV rms K geom kV/cm cm kV/cm 
 =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  =====  ===== 

1/4" galv 0.67 85.93 19.0 84.00 732 13.64 0.98 44.4 0.9541 20.73 0.65 21.08 
1/2" galv 1.22 82.81 19.7 80.00 732 13.51 0.98 58.7 0.9583 16.52 1.20 16.84 

1" Al 2.62 72.81 18.1 84.00 733 12.90 0.99 86.6 0.9645 13.80 2.58 13.98 
1-1/4" Al 3.24 70.92 19.6 84.00 733 14.09 0.98 116.3 0.9658 15.87 3.18 16.17 
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8-Feb-97  Humidity Correction Factor Inside, Smooth Pipes Above Ground     

Saturd  
 

08-Feb-  
S  

Frequen  
tion 

smoot E
pipes kV/c

 ====  ====
1/2" s 7

????? r  

  rrection 
Stranded E 
Cables kV/c
 =====   ====

1/4" galv 731 
1/2" galv 731 

 
08-Feb-97  C Insi  

 
Sat M t on Hig  

Frequency  
  rrection 

smooth Bp E
pipes m H kV/cm 

 =====  === ==  ===== 
1/2" ss 731 6.8 22.45 
3/4" ss 731 63 VALUE!

ay Morning  
   

97  Humidity
at Afternoon, Sunny just t
cy 14 kHz

  height
h diameter to center 

cm cm 
=  =====  ===== 
s 1.29 20.95 

   
   Af

   
  height

 diameter to center 
cm cm 

 =====  ===== 
0.67 40.73 
1.22 39.41 

  
 Humidity
  

orn, Sunny & cold, fros
 47 kHz

  height
diameter to center 

cm cm 
 =====  ===== 

1.29 19.75 
1.91 22.66 

14 kHz Low Hum
  

 Correction Factor I
hawing 14 kHz M

   
   

Temp RH 
Deg C % m
 =====  =====  =

15.2 54.00
  

ternoon Tests 14 kHz M
  
  

Temp RH 
Deg C % m
=====  =====  =
16.7 50.00
17.6 50.00

  
orrection Factor 

  
 trees 14 kHz

  
  

Temp RH 
Deg C % m
=====  =====  =
16.3 78.00
16.6 78.00

idity Not Done 
  

nside, Smooth Pipe
edium Humidity 

  
  

Bp Water R
m Hg g/m^3 
====  =====  
31 8.77 
  

edium Humidity 
  
  

Bp Water R
m Hg g/m^3 
====  =====  

7.06 
7.48 

  
de, Smooth Pipe

  
h Humidity 

  
  

 Water R
g g/m^3 
=  =====  

11.93 
12.66 

 
 

s Above Grou
 
 
 

elative V
Density kV
=====  ==
0.98 6

 
Stranded D

 
 

elative V
Density kV
=====  ==
0.99 4
0.99 5

 
s Above Grou

 
 
 
 

elative V
Density kV
=====  ==
0.98 5
0.98 >

    
    

nd    
  Corrected  
  for meter  
  & geom Density Co

avg  E diameter
 rms K geom kV/cm cm 
===  =====  =====  ===== 
1.1 1.0000 23.40 1.27 
    
y  Corrected  
  for meter  
  & geom Density Co

avg  E diameter
 rms K geom kV/cm cm 
===  =====  =====  ===== 
3.8 1.0000 24.12 0.66 
4.8 1.0000 18.70 1.21 
    

nd    
    
  corrected  
  for meter  
  & geom Density Co

avg  E diameter
 rms K geom kV/cm cm 

=  =====  =====  ===== 
 1.0000 22.11 1.27 
 1.0000 #VALUE! 1.88 #

 rrec
 
m 
= 

23.85 
 

 

m 
= 

24.38 
18.97 

 

 

 

 

 

VLF/LF High 

 



Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

6A-30 

08-Feb-97 Saturday  Morning just before Pizza        
 m
  e

Stranded di  
Cables  
 =====   

1/4" galv 8 
1/2" galv .6 9 

 Stranded D
 height 

ameter to center Te
cm cm De

=====  =====  ==
0.67 166.12 1
1.22 39.51 17

ry 

mp
g C 
===
8.6 

14 kHz Medium Humidity  
   

RH Bp Water Relative
% mm Hg g/m^3 Density

 =====  =====  =====  ===== 
84.00 731 13.28 0.98
80.00 731 11.96 0.99

 

 

 

  for 
   & g

 Vavg  E
kV rms K geom kV/
 =====  =====  ==

 43.3 1.0000 18.
 52.3 1.0000 17.

eter   
 om Density Correc

 diameter E
cm cm kV/c
===  =====  ===
86 0.65 19.1
84 1.21 18.0

tion 
 
m 
== 

Appendix 6A 
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9.  15 FEB 97 
 

15 Feb 97 Inside horizontal 15’ lengths 29 kHz Air density 

 

 

6A-31 



Appendix 6A 

 

Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

6A-32 

15-Feb  Den rrect In h Pip A
   
   H  

Saturd n ld, cloud  
k met Frequen 3  

  heigh  
smoot to cent elati m
pipes cm  m ensi

 ==== =  ==== ====
1/2" s 81.15 1.03 .
3/4" s 83.46 1.03 .
1" Al 85.47 1.03 .

1.25" 86.29 1.02 .
1.5" A 87.94 1.02 .

1.75" 88.53 1.02 .
2" Al 89.24 1.02 .

15-Feb Morni w T Stra

  heigh   
Strand me to cent B r Relati m
Cable cm cm  mm  Densi kV
 ==== ====  ====  ===  ====  ==

1/4" ga 0.67 83.83  72  1.026 25 .
1/2" ga 1.22 2.31  72  1.027 17 .

1" Al 2.62 4.81  72  1 15 .
1-1/4" 3.24 0.42  72  1 15 .

-97 

ay Mor
er 

h dia
 
=  =
s 1
s 1

2
Al 3
l 3

Al 4
5

-97 

ed dia
s 
=  =
lv 
lv 

Al 

 

ing, Co
1 

meter 
cm 
=== 
.29 
.91 
.53 
.17 
.87 
.47 
.08 

  
 

  

ter 

Air

8
7
7

sity Co
 

29 k
y, with so
cy 29.
t  
er Tem

Deg
=  ===
 1.9
 1.3
 1.4
 4.0
 4.8
 5.6
 5.3

 
ng Tests 

 
t  
er Tem

Deg
=  ===
 4.5
 4.3
 3.8
 4.1

ion Factor 
  

z Low Temp
me wind and blow

 kHz 
 

p RH 
C % 
==  =====  
 49.00 
 52.00 
 58.00 
 49.00 
 47.00 
 44.00 
 46.00 

  
29 kHz Lo

  
 

p RH 
C % 
==  =====

49.00 
49.00 
50.00 
50.00 

side, Smoot
 

erature  
ing snow outside

  
  

Bp Water
m Hg g/m^3

=====  =====
723 2.69
723 2.75
723 3.09
723 3.11
723 3.14
723 3.09
723 3.17

 
emp  

 
 

p Wate
Hg g/m^3
==  =====
3 3.21
3 3.16
3 3.12
3 3.18

es 

 

 R
 D

 
 
 
 
 
 
 
 

 

 

bov

.028

.027

e Ground  
   

  
  C
  f
  

ve Vavg  
ty kV rms K geom 
=  =====  ===== 
 100.6 0.9588 
 123.2 0.9619 
 155.0 0.9642 
 185.0 0.9656 
 203.4 0.9679 
 224.4 0.9697 
 238.8 0.9714 

   
nded Dry  C

   f
  

ve Vavg  
ty kV rms K geom 
=  =====  ===== 
1 55.2 0.9541 
0 61.8 0.9583 
9 100.8 0.9645 
5 115.0 0.9658 

 
 
 

orrected
or meter
& geom De

E dia
kV/cm c
 =====  ==
27.26 1
24.29 1
24.42 2
24.46 3
23.05 3
22.84 4
22.11 5

 
orrected
or meter
& geom De

E dia
/cm c
===  ==
.54 0
.42 1
.96 2
.72 3

  
  
  
  
  

nsity Correction 
eter E 

m kV/cm 
===  ===== 
33 26.45 
97 23.51 
62 23.64 
25 23.91 
95 22.59 
55 22.44 
17 21.70 
  
  
  

nsity Correction 
eter E 

m kV/cm 
===  ===== 
68 24.89 
26 16.96 
69 15.51 
33 15.30 



 

VLF/LF High 

 

Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
6A-33 

1 eb-97 sity acto e, Smooth Pipes Above Ground     
      

n M mpe C d   
F  f r  

Density Corre n 
 W  Va diameter

 g/ kV  m 
 ===   ==    == = = 

00 4.   10   
00 4.   12   
00 4.   16   
00  18  
00  20  
50  22  
00 4.   24  

      
0 97 Tes   Medium H S Corr

      for  
  ity Corre n 

d d  H Water Va
   g/m^3 Den kV  kV kV/cm 

=  ===   =====  == =  ==  ===== 
v 00 4.12 0.9   
v 00 4.52 0.9  2  

00 4.63 0.9  .6  
l 00 4.30 0.9  .6  

5-F

Sat Afternoon
requen

 
smooth
pipes 

 =====
1/2" ss
3/4" ss
1" Al 

1.25" A
1.5" Al

1.75" A
2" Al 

6-Feb-

 
Strande
Cables
 ====

1/4" gal
1/2" gal

1" Al 
1-1/4" A

 Air Den
 

, Cloudy just freezi
29 kHz 

 height 
iameter to center

cm cm 
=====  ===== 
1.29 81.45 
1.91 82.96 
2.53 85.07 
3.17 86.19 
3.87 87.04 
4.47 88.13 
5.08 89.14 

 
 Afternoon 
 
 height 

iameter to center
cm cm 

=====  ===== 
0.67 85.83 
1.22 82.21 
2.62 74.21 
3.24 70.42 

Correction F
  

g slight snow 
 
 

Temp R
Deg C %
 =====  ==

17.2 32.
17.2 30.
16.6 33.
16.9 34.
17.4 33.
18.2 31.
18.4 27.

 
ts 

 
 

Temp R
Deg C %
 =====  ==

17.3 28.
16.7 32.
17.1 32.
18.1 28.

r Insid
 

29 kHz
  
  
H Bp 

mm Hg
  =====

722 
722 
722 
723 
722 
723 
723 

 
29 kHz

 
 

Bp 
mm Hg

  =====
723 
723 
722 
723 

 

cy

 d

 
 
 

l 
 
l 

 

 
 

 

 
  
  
  
vg  
rms K geom
===  ====
1.8 0.9588
7.2 0.9619
0.4 0.9642
3.2 0.9656
5.6 0.9679
5.8 0.9697
1.6 0.9714
 
tranded Dry 
 
  
vg  
rms K geom
==  ====

.6 0.9541
 0.9583
 0.9645
 0.9658

id te
 
 

ater
m^3 
===
66
38
65

4.87 
4.87 
4.87 

24

rature 
 
 

Relative 
Density 
===== 
0.98
0.98
0.98
0.98
0.98
0.97
0.97

umidity 

 
Relative 

sity 
=== 
796
816
799
770

orrecte
or mete
& geom 

E 
kV/cm 
 ===== 
27.57
25.11
25.29

ecte
 meter

& geom 
E 
/cm 
=== 

 
ctio
E 

cm kV/c
 =====  ====

 1.26 28.24
 1.87 25.73
 2.48 25.86

24.23 3.10 24.79 
23.36 3.78 23.94 
23.01 4.35 23.65 
22.37 4.94 23.01 

  
d   

 
Dens ctio
diameter E 

cm 
 ===== 

24.70 0.65 25.22 
19.79 1.20 20.17 
16.27 2.56 16.61 
15.53 3.16 15.89 

 ===
53
70.

102
113



Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

6A-34 

15-Feb-97  Air Density Correction Factor Inside, Smooth Pipes Above Ground     
     

es 29 k ature    Corre   
 kHz     for m   

heigh      & geom ensity C ction 
 dia to cent Temp RH ater Relativ Vavg  E meter E 

cm Deg C % m^3 Density K geom kV/cm cm /cm 
 =  ====  =====  === ====  =====   =====  ===== ==== === 

1.2 81.45 27.4 17.0 4.45 0.94 0.9588 26.13 1.22 .70 
1.9 82.86 31.6 12.0 3.94 0.93 0.9619 25.36 1.78 .25 

 2.5 85.07 28.5 17.0 4.73 0.94 0.9642 24.54 2.38 .10 
Al 3.1 86.19 26.8 18.5 4.69 0.95 0.9656 23.90 3.00 .28 
l 3.8 86.94 26.8 19.0 4.83 0.95 0.9679 22.93 3.66 .26 

1.75" Al 4.4 88.23 28.4 16.0 4.44 0.94 0.9697 22.88 4.20 .34 
2" Al 5.0 88.74 28.2 8.0 2.19 0.94 0.9714 22.42 4.78 .81 

       
15-Feb-97     High Temp S d Dry Correcte   

     for meter   
  heigh       & geom ensity C ction 

Stranded diame to cent Temp RH Bp ater Relativ Vavg  E meter E 
Cables cm cm Deg C % m H m^3 Density kV rms K geom kV/cm cm kV/cm 
 =====  ====  =====  ===== = === ====  =====  =====  =====  ===== ====  ===== 

1/4" galv 0.6 166.12 28.2 19.0 723 5.20 0.9444 52.8 0.9541 21.97 0.63 23.26 
1/2" galv 1.2 82.41 27.3 20.0 723 5.22 0.9470 67.6 0.9583 19.05 1.16 20.12 

1" Al 2.6 77.51 26.7 21.0 723 5.29 0.9491 109.3 0.9645 17.17 2.48 18  
1-1/4" Al 3.2 73.52 26.7 20.0 723 5.03 0.9492 109.2 0.9658 14.76 7 15.55 

 

   
Sat Morn, Sunny & cold, frost on tre

29 
 

meter 
cm 
==== 

9 
1 
3 
7 
7 
7 
8 

ter 

= 
7 
2 
2 
4 

 

 
t 
er 

= 
 
 
 
 
 
 
 

 

 
t 
er 

 
Hz Hi

 

 
m

==  =
0 
0 
0 
0 
0 
0 

0 

 
29

 

 
m

==  =
0 
0 
0 
0 

 
gh Temper

 
 

Bp W
m Hg g/
====  =
723 
723 
723 
723 
723 
723 
723 

 
 kHz 
 

 W
g g/
=  =

 

e 
 
 

 

 

e 
 
 

 
cted
eter

D
dia

 =
 
 
 
 
 
 
 

 
d

D
dia

 =
 
 
 
 

.09
3.0

Frequency
 

smooth
pipes 

 ===== 
1/2" ss 
3/4" ss 
1" Al

1.25" 
1.5" A

 
 

kV rms 
===== 
96.5 

128.4 
155.6 
180.7 
201.8 
224.6 
241.8 

 
trande
 
 

orre

kV
 ==
27
27
26
25
24
24
23

orre

 ==

Appendix 6A 

 



Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
6A-35 

5-Feb-97 Air Density Correction Factor  Inside, Smooth Pipes Above Ground     
    

We n y 29 R   
Fre kH   

19- hei nsity Correction 
s  to ce B ela meter E 

c mm en cm kV/cm 
 =  ===  == === ===  ===== 
1 80. 7 1.0 28 26.33
3 82. 7 1.0 90 25.52

84. 7 0.9 52 24.72
1. 84. 7 1.0 16 24.09
1 85. 7 1.0 86 23.15

1. 86. 7 1.0 0. 45 23.13
86. 7 1.0 0. 06 22.68

      
19- morni s 29 repe d   

     
hei  nsity Correction 

St   to ce  B ela meter E 
C D mm H en K cm kV/cm 
 =   =  ==== ===  = ===  ===== 

723 .00 0. 67 24.38
1/  723 .00 0. 23 19.17 

1 723 .00 0. 62 17.35 
1-1/4 723 .00 0. 24 15.01 

  
  
  

  
 Temp RH 

Deg C % 
 =====  =====

11.8 32.00 
11.8 37.00 
11.9 36.50 
11.8 38.50 
11.7 37.00 
11.7 38.00 
11.8 38.00 

 
t test day 

 
  

Temp RH 
eg C % 
====  ===== 
11.5 38.00 
11.3 37.50 
11.4 37.00 
11.4 37.00 

 

VLF/LF High 

 
1

 

 

  
kHz Low Temp 
  

  
p Water R
 Hg g/m^3 D
===  =====  
23 3.35 
23 3.89 
23 3.86 
23 4.03 
23 3.86 
23 3.95 
23 3.98 
  
kHz Low temp 
  
  
p Water R

g g/m^3 D
=  =====  

3.91 1
3.81 1
3.78 1
3.79 1

 

 

  
epeat  

  

  
tive Vavg 
sity kV rms 
==  ===== 
0 96.5 
0 128.4 
9 155.6 
0 180.7 
0 201.8 
0 224.6 
0 241.8 

  
at Strande

  
 

tive Vavg 
sity kV rms 
==  ===== 
05 52.8 
13 67.6 
10 109.3 
08 109.2 

  
 Corrected
 for meter

 & geom De
 E dia

K geom kV/cm 
 =====  =====  ==
0.9588 26.20 1.
0.9619 25.40 1.
0.9642 24.59 2.
0.9656 23.98 3.
0.9679 23.04 3.

9697 23.03 4.
9714 22.58 5.

  
Dry Corrected

 for meter
 & geom De
 E dia

geom kV/cm 
====  =====  ==
9541 24.40 0.
9583 19.20 1.
9645 17.37 2.
9658 15.02 3.

d Morni
quency

Feb-97 
mooth 
pipes 
==== 
/2" ss 
/4" ss 
1" Al 
25" Al 
.5" Al 
75" Al 
2" Al 

Feb-97 

 
randed
ables 
==== 

1/4" galv 
2" galv 

" Al 
" Al 

g Last Da
 29 

 
diameter

cm 
 ===== 

1.29 
1.91 
2.53 
3.17 
3.87 
4.47 
5.08 

Wed 

 
diameter

cm 
 ===== 

0.67 
1.22
2.62 
3.24 

z 

ght 
nter

m 
== 

30 
20 
30 
99 
19 
00 
31 

ng of la

ght 
nter
 
== 

51 
10 
71 
61 

 
 
 
 
 
 
 

 

 

cm
===
84.
79.
73.
68.
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10.  18 FEB 97 
 

18 Feb 97 Inside horizontal 15’ lengths 47 kHz Air density 

 

 

6A-36 



Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
6A-37 

18 b-97 y Co n Fac     
 pes Abo  round   
 empera    
    

M M y a o warming   
F k     

    
    

he    y C
o c  Wa  Vav  er

  g g/m  kV rms o
 == =  =====  ===   ===== = 
8 728 2.8  104.0  
83.0 728 2.8  134.8  
85.1 728 2.8  161.8 .59 
86.3 39.00 728 2.8  187.6 .25 
86.8 40.00 728 2.7  205.4 .97 
87.9 41.00 728 2.8  226.4 .59 
88.6 41.00 728 2.8  247.0 .21 

      
1 7   s    

  Low Temp    
  Dry   
     
     
  heigh   nsity Corr

S r to cent RH Bp Wate Vavg meter
  cm mm H g/m^3 kV rms om cm k

  ====  ===  ====  =====  ===== == ===  =
85.5 41.7 728 2.78 54.6 41 .68 2
84.8 41.0 728 2.66 67.2 83 .26 1
70.4 44.0 728 2.67 124.6 45 .70 1

 72.9 44.0 728 2.67 109.6 58 .35 1

-Fe

onday 
requenc
k meter

pipes
 ===== 
1/2" ss 
3/4" ss 
1" Al 

1.25" Al 
1.5" Al 

1.75" Al 
2" Al 

8-Feb-9

trande
Cables
 ===== 
¼” galv 
½” galv 

1” Al 
1-1/4” Al

 
 
 
 

orning, Cl
y 47.0 kH
 1

 
 

smooth diamete
cm

 =====
1.29 
1.91 
2.53 
3.17 
3.87 
4.47 
5.08 

 

d diamete
cm

 =====
0.67 
1.22 
2.62 
3.24 

 
 
 
 

oud
 z
 
 
 

r t
 

 

 Air Densit
 Inside, Smoo
 47 kHz L
  
nd calm, appears t

 Hz  
  
  
ight  
enter Temp 

cm Deg C 
===  =====  

2.35 6.8 
6 6.4 
7 6.2 
9 5.9 
4 5.4 
3 5.1 
4 5.1 

  
 Morning Test
 47 kHz
 Strande
  
  

t  
er Temp 

 Deg C 
=  =====

3 4.8 
1 4.3 
1 3.3 
2 3.3 

 rre
th Pi
ow T

 be 

RH
%

====
37.50 
38.50 
39.00 

ctio

d 

 
% 

== 
0 
0 
0 
0 

 tor
 ve G

ture

 

Bp 
mm H

 

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
 

g 
K ge
 ===

 0.95
 0.96
 0.96
 0.96
 0.96
 0.96
 0.97

 
 
 
 
 
 
 

 
K ge
 ===

 0.95
 0.95
 0.96
 0.96

  
  
  
  

 
  
 Corrected
 for meter
 & geom De

E dia
m kV/cm 

==  =====  ==
88 28.11 1
19 26.61 1
42 25.51 2
56 24.79 3
79 23.35 3
97 23.09 4
14 22.90 5

  
  
  
  
 Corrected
 for meter
 & geom De

E dia
kV/cm 
 =====  ==

 25.18 0
 18.84 1
 20.01 2
 14.85 3

 
 
 
 
 
 
 
 

 orrection 
E 

kV/cm 
 ===== 
27.55 
26.05 
24.95 
24.22 
22.77 
22.49 
22.31 

 
 
 
 
 
 

 ection 
E 

V/cm 
==== 
4.48 
8.29 
9.36 
4.37 

 

nsit
met
cm 
==
.32
.95

 
 
 

 
 
 
 
 
ter Relative
^3 density
==  =====
5 1.02
7 1.02
6 1.02
0 1.02
9 1.03
0 1.03
0 1.03

 
 
 
 
 
 
 

r Relative
 density

 =====
 1.03
 1.03
 1.03
 1.03

 
 
 
 

 
 g

=

 

VLF/LF High 

 



Corona Onset Data for Cylinders VLF/LF High Voltage Design and Testing 

6A-38 

18-Feb-97   Air Density Correction Factor        
 Pipes Above Ground     

 temperature      
       

M , me south wind, definitely warming    
F        

     Corrected
     for meter

i      & geom Den
H Bp Water Relative Vavg  E diam

mm Hg g/m^3 density kV rms K geom kV/cm c
 =====  =====  =====  =====  =====  =====  ==

0  726 4.63 0.98 101.4 0.9588 27.44 1.
0  726 4.41 0.98 132.0 0.9619 26.06 1.
0  726 4.31 0.98 157.3 0.9642 24.81 2.
0  726 4.19 0.98 182.7 0.9656 24.16 3.
0  726 4.32 0.98 202.2 0.9679 22.97 3.80
0  726 4.45 0.98 220.3 0.9697 22.44 4.39
5  726 4.54 0.98 240.8 0.9714 22.28 4.97

      
1       

 rature      
y       

     Corrected
     for meter

i      & geom Densit
ent H Bp Water Relative Vavg  E diamet
m mm Hg g/m^3 density kV rms K geom kV/cm cm 
==  =====  =====  =====  =====  =====  =====  ====
.63 5  726 4.53 0.98 53.8 0.9541 24.85 0.65
.91 0  726 4.62 0.98 67.8 0.9583 19.22 1.20
.21 0  725 4.78 0.98 120.3 0.9645 19.32 2.56
.42 00 725 4.77 0.98 107.2 0.9658 14.55 3.17

  
  
  
  
  
  
  
sity Correction 
eter E 

m kV/cm 
===  ===== 
26 28.00 
87 26.57 
48 25.32 
11 24.66 

 23.44 
 22.86 
 22.74 

  
  
  
  
  
  

y Correction 
er E 

kV/cm 
=  ===== 
 25.37 
 19.63 
 19.74 
 14.87 

  
  
  

onday Afternoon, Cloudy
requency 47 k

  
  
  he

smooth diameter to c
pipes cm c

 =====  =====  ==
½” ss 1.29 81
¾” ss 1.91 83
1” Al 2.53 84

1.25” Al 3.17 86
1.5” Al 3.87 86
1.75” Al 4.47 88

2” Al 5.08 89
  

8-Feb-97  
  
  
  
  
  he

Stranded diameter to c
Cables cm c
 =====  =====  ==
¼” galv 0.67 84
½” galv 1.22 79

1” Al 2.62 70
1-1/4” Al 3.24 72

 Inside, Smooth
 47 kHz Mid
  

 hazy sunshine with so
Hz  
  
  
ght  

enter Temp R
m Deg C %
===  =====  ===
.75 17.6 31.
.06 17.3 30.
.97 17.5 29.
.29 17.6 28.
.94 17.6 29.
.33 16.9 31.
.44 17.6 30.
  
 Afternoon Tests
 47 kHz Mid
 Stranded Dr
  
  
ght  

er Temp R
 Deg C %
=  =====  ===
 17.5 30.
 17.6 31.
 17.6 32.
 17.6 32.

 
 
 

 
 
== 
0
0
0
0
0
0
0

 
 

Tempe
 

 
 
 

 
 
== 
0
0
0

Appendix 6A 

 



Voltage Design and Testing  Appendix 6A Corona Onset Data for Cylinders 
6A-39 

18-Feb-97   Air Density Correction Factor        
    
    
    

Monday Afternoon, clou   
Frequency 47   

   Corre
   for m
   & geom

smooth diameter t E 
pipes cm kV/cm 

 =====  =====  ===== 
1/2" ss 1.29 27.54 
3/4" ss 1.91 25.25 
1" Al 2.53 24.29 

1.25" Al 3.17 23.81 
1.5" Al 3.87 22.58 

1.75" Al 4.47 22.33 
2" Al 5.08 21.62 

    
18-Feb-97 Saturday  

    
  Dry  
   Corre  
   for m  
  he   geom

Stranded diameter to c E di
Cables cm c  kV/cm 
 =====  =====  ==   =====  =  

1/4" galv 0.67 16  21.63  
1/2" galv 1.22 79  19.14  

1" Al 2.62 70  19.80  
1-1/4" Al 3.24 71  14.84  

 

 
 
 
 
 

cted  
eter  

 Density Correction
diameter E 

cm kV/cm 
 =====  =====

1.24 28.71
1.83 26.40
2.42 25.40
3.03 24.90
3.70 23.65
4.30 23.22
4.86 22.59

 
 
 
 

cted  
eter  

 Density Correction
ameter E 
cm kV/cm 
====  =====
0.63 22.69
1.18 19.91
2.50 20.74
3.09 15.55

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 
 
 
 

 

 Inside, Sm
 47 kHz
 

dy, hazy sunshine, 
kHz 

 
 

height 
o center Temp

cm Deg C
 =====  ===== 
81.45 22.9 
83.26 23.8 
84.47 23.9 
86.49 23.9 
87.04 24.6 
88.33 22.5 
89.34 23.9 

 
 Afternoon
 47 kHz
 Stranded
 
 
ight 
enter Temp 
m Deg C
===  ===== 
6.12 25.0 
.21 22.6 
.11 24.6 
.62 24.9 

 ooth Pipes Above Ground 
  High Temperature  
    

south wind, warming  
    
    
    
    

 RH Bp Water Relativ
  % mm Hg g/m^3 densit

 =====  =====  =====  ====
28.00 724 5.72 0.96
27.50 724 5.90 0.96
22.00 724 4.74 0.96
27.00 724 5.83 0.96
25.00 725 5.61 0.95
29.00 725 5.77 0.96
27.00 725 5.82 0.96

   
    
 High Temperature  

    
   
   
   

RH Bp Water Relativ
% mm Hg g/m^3 densit

 =====  =====  =====  ====
27.00 725 6.19 0.95
27.00 725 5.41 0.96
25.00 725 5.61 0.95
22.00 725 5.01 0.95

  
  
  
  
  
  
  
  

e Vavg  
y kV rms K geom
=  =====  =====
 101.7 0.9588
 128.0 0.9619
 153.8 0.9642
 180.2 0.9656
 198.8 0.9679
 219.2 0.9697
 233.7 0.9714

  
  
  
  
  
  
  

e Vavg  
y kV rms K geom
=  =====  =====
 52.0 0.9541
 67.4 0.9583
 123.2 0.9645
 109.0 0.9658
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CHAPTER 7 POWER LOSS IN CORONA 

 
nsmission lines. The early designers 

wanted quantitative for
ec

itude of 
or 

ns. This is because elimination of corona 
requires larger diameter conductors, and the lifetime cost of the larger conductors, including the cost 

 capital, is more than the cost of the power lost through occasional corona. 

High-po HF range were being developed at 
developed. This led to the study of 

itting antennas. 
yan a easurements. 

Measureme ndicate that corona power is approximately 
opo n l t ments of corona power at RF frequencies 

available. However, Peek 

e 
rona power at 60 Hz for the same conditions. 

Due to the lack of data, the U.S. Navy began a program in the 1980s at the Forestport HVTF to 
easu ation for this program was to 
am e thought that 

ht that 
ona increases 

th
F/LF because of the large amount of power 

dissipated in 

 program at Forestport was extended to include the corona power 
dissipated per unit length of wire and cable. Watt and Hansen (1992) reported the results of these 

easurements. Additional measurements have been carried out at the Forestport facility since that 
time, including tests between 8 February 1996 and 15 February 1997. The results of some of these 
tests are included in this chapter, and have been used to develop curves and design formulas. The 
results indicate that corona power is proportional to frequency, and at VLF/LF sufficient power is 
di

BACKGROUND 
Early during the development of the electric power industry, it was discovered that significant

amounts of power could be lost in corona on high-voltage tra
mulas for corona power dissipation to use in the design process because 

onomics is the driving force of power transmission system design. This resulted in experimental 
programs to measure corona power at 60 Hz. Harding (1924 a & b) made such measurements at 
Purdue University while Ryan and Henline (1924) did the same at Stanford University. Since that 
time, there have been many corona power measurements at 60 Hz. As a result, the magn
power dissipated in corona at power system frequencies is well known. This information is used f
designing power systems that have low lifetime cost. At these frequencies, it is often the case that 
minimum cost is realized by operating with some corona on the transmission lines during inclement 
weather, especially in rural areas and at high elevatio

of

wered radio transmitting systems in the VLF through 
the same time that high-voltage transmission lines were being 
corona phenomena at radio frequencies to develop design data for high-power transm
R  and M rx (1915) describe some of the results of these early RF m

nts at power system frequencies i
pr rtio a o frequency. There are no extensive measure

(1929, p. 211) reports a single measurement at 100 kHz. The power 
measured by Peek agrees approximately with the postulate that corona power is proportional to 
frequency in that the corona power measured at 100 kHz was about 1000 times greater than th
co

m re the power dissipated in corona at VLF/LF. Part of the motiv
ex ine the utility of operating high-power antennas in corona. At the time, som
operation in corona would enable an antenna to radiate more power. It was also thoug
operation in corona had the potential to increase intrinsic antenna bandwidth since cor

e effective capacitance of the antenna, thereby reducing its Q. It turns out that this technique might 
be useful for ELF antennas, but it is not practical at VL

corona at VLF/LF.  

In 1989, the measurement

m

ssipated in corona so that most, and preferably all, of the components should be operated corona 
free, even during inclement weather. 
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CORONA POWER LOSS FORMULAS 

Introduction 
One objective of the corona power measurement program was to develop formulas for calculating 

corona power losses that could be used for analysis of existing and future VLF/LF designs. The 
development of these formulas was indirect, starting with available 60-Hz formulas and guided by 
empirical results. Many tests were conducted with smooth and stranded wires of different sizes at 
frequencies in the VLF/LF band. The majority of the tests were done with the wire above and parallel 
to ground at several different heights. However, there were some tests using a coaxial configuration 
and one with a slanted wire. 

The first step was to fit these data to the 60-Hz equation modified by a factor K1 which was 
considered to be a function of frequency, wire diameter, stranded or smooth and wire surface 
condition. For each test configuration K1 has a fixed value. The modified equation fits the data well 
as will be shown in the sections below. The variable for the 60 Hz formula is voltage and the 
equation is useful for 60-Hz applications because the voltage along the line can be measured or 
calculated. However, for VLF/LF applications the voltage distribution on the antenna cannot be 
measured and is difficult to calculate. The surface electric field (gradient) on the conductors can be 
calculated for VLF/LF antennas and the corona power loss formula needs to be in terms of the 
surface electric field for this application. 

The variable for the 60-Hz equation can be changed to surface electric field but in this form the 
equation has explicit height dependence. There are sound theoretical arguments that this equation 
should not have height dependence and for this reason we concluded that this formula is incorrect 
and needed to be mo i s in that for the 
range of heights of the tests, the term given by K1 times the explicit height dependence factor was 

This led to the concept of replacing both factors by a single 
3 a function of frequency, surface condition, wire diameter etc. 
ts of many tests with different test wires, frequencies, and conditions showed that K3 was 

 voltage are orthogonal and 
no power is dissipated. This is illustrated by curve I in Figure 7-1. 

dified. Th s conclusion was supported by the empirical result

more nearly constant than K1 by itself. 
factor K , which is also expected to be 
The resul
less dependent on these parameters than expected. The result is a simple equation that can be used to 
predict VLF/LF corona power loss with sufficient accuracy to support antenna design. The 
subsections that follow trace the chronological development of the corona loss equations for 
VLF/LF. Our development starts with the original Ryan and Henline formulation and shows how 
their results were modified to fit VLF/LF applications.  

60-Hz Formulas 
The development of the corona power loss formulas started with an initial effort at 60 Hz (Ryan 

and Henline, 1924). Their measurements of corona power involved the use of an early version of an 
oscilloscope, which was used to generate a Lassajous figure of voltage versus charge as shown in 
Figure 7-1. They observed that when the peak voltage was less than the corona onset voltage, the 
pattern generated is a line segment that corresponds to the charge being in phase with the voltage. 
Current is the time derivative of charge; therefore in-phase charge means out-of-phase (orthogonal) 
current. When the voltage and charge form a line segment, the current and
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Figure 7-1.  Charge – voltage diagram after Ryan and Henline. 

The power dissipated per cycle is proportional to the area contained within a voltage-charge 
Lassajous pattern similar to a hysteresis loop. This is because the portion of the charge moving 
perpendic h lting in 
ower dissipation. Curve II of Figure 7-1 was taken with the peak voltage somewhat above the 

level, and curve III was taken with the peak voltage approximately 20% greater than 
curve II. Curve I represents a case with no power dissipated, while curves II and III represent cases 
with power dissipation. 

ltage by an approximately constant amount and that the energy 
di he 

ular to t e voltage axis corresponds to current that is in-phase with the voltage, resu
p
corona onset 

Ryan and Henline made many measurements for various conditions and determined that (1) peak 
voltage was of dominating importance in the corona loss-voltage relationship and (2) the power lost 
in corona from a high-voltage transmission line is approximately the product of the voltage in excess 
of the corona onset voltage and line charging current. This led them to hypothesize a hysteresis 
character for corona losses. Analysis of the voltage-charge diagrams revealed that the charge lags 
behind the corresponding vo

ssipated per cycle is proportional to the product of the crest voltage and the difference between t
voltage peaks and the onset voltage. 

Based on their observations, and assuming a parallelogram for the voltage�charge diagram (see 
Figure 7-1), they developed an empirical formula for the power dissipated in corona. 
  ( )co VVVCfP on−⋅⋅⋅⋅= 4   (7-1) rona

  
  

   C is the total capacitance of the wire in Farads

This formul the voltage on the wire times the 
di

where Pcorona is the corona power in watts after corona onset, 
   f is the frequency in Hz, 

  , 
     V is the peak voltage in volts, and 
     Von is the corona onset peak voltage in volts. 

a indicates that the corona power is a function of 
fference between the voltage on the wire and the corona onset voltage. 
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The leading term (4⋅f⋅ C⋅ V) approximates the charging current. The voltage difference (V-Von) 
represents that portion of the voltage that is in phase with the charging current. In effect, the phase 
angle between the total voltage and the charging current is contained in this term and not explicitly 
stated. Corona power is zero when the voltage is less than the onset voltage (i.e., (V- Von) < 0). Ryan 
and Henline used the convention that the corona power equation is multiplied by a unit step function 
U(Von), not shown in equation 7-1, and this convention is also used in the development of our 
formulas below. This convention should not lead to confusion since negative power cannot exist. 

From Figure 7-1, it is clear that a parallelogram overestimates the area contained within the 
hysteresis loop. Thus, the original Ryan and Henline corona power formula (Equation 7-1) 
overestimates the power in corona. Nevertheless, it provides curves that provide a good match to the 
variation of corona power with voltage and frequency. 

Ryan and Henline developed an alternate formula through physical reasoning. They assumed a 
purely resistive plasma sheath surrounding the conductor. The assumption of pure resistance is good 
for dense plasma as long as the thickness is much smaller than the wavelength, which is the case for 
VLF/LF. They also assumed that the sheath completely surrounds the conductor and that all the 
charging current flows through the sheath. Further, they assumed the charging current is the same as 
the displacement current that would flow away from the conductor if there were no corona. One final 
assumption is that the voltage drop across the resistive sheath is equal to the difference between the 
actual voltage and th
  

e onset voltage. In this case, the power is simply given by 
( )oncorona VVVCfP −⋅⋅⋅⋅⋅= π2  (7-2) 

re he 

). 

ximation to account for the real versus the idealized parallelogram, the factor 8 is 
re

 

  

  where the voltages are given as rms values. 

Equation 7-2 can be interpreted as follows. The total displacement current flowing through the 
sistive sheath is equal to the first term ID = (2⋅π⋅ f⋅ C⋅ V). The second term (V-V0) represents t

voltage drop across the resistive sheath. The dissipated power is calculated by P = V I cos(θ). 
However, since the sheath is assumed resistive, the voltage drop and current are in-phase, so cos(θ) = 
1 and need not be included in the equation. 

Although not mentioned by Ryan and Henline, equation (7-2) can be obtained from equation (7-1
The approach is to take Equation 7-1 and convert the voltage units to rms with a leading factor 8. 
Then, as an appro

duced by 27% and made equal to 2⋅π (6.28). The factor 2⋅ π⋅ f is the radian frequency, ω, which 
completes the conversion of Equation 7-1 to Equation 7-2.  

Ryan and Henline reformulated their equations (7-1 and 7-2) in terms of the total capacitance of 
the wire, C, and the total power dissipated by the wire. The resulting equations can be converted to
give power per unit length by dividing both sides of the equation by the sample length, l, as follows. 

( )onl
corona

cl VVVC
P

l    Watts/m     (7-3
  where P

P −⋅⋅⋅== ω
) 

he voltage on 
the wire times this factor is equal to the displacement current per unit length leaving the wire:  

cl is the corona power per unit length and 
     Cl is the capacitance per unit length. 

The factor ω⋅Cl is the inverse of the capacitive reactance per unit length of the wire. T
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Dl
C

l I
X
VVC

l

==⋅⋅ω    

  where ω is the radian frequency (2⋅π⋅f ), 
     f is the frequency in Hz, 
     V is the voltage on the wire, 
     Cl is the capacitance per unit length of the wire, 
     Xcl is the capacitive reactance per unit length, and 
     IDl is the displacement current per unit length leaving the wire. 

Note that the magnitude of the displacement current can also be calculated from the electric field 
on the surface of the wire: 
  EaI Dl ⋅⋅⋅⋅⋅= 02 εωπ  

As previously mentioned, Ryan and Henline�s second formulation assumed a sheath of corona 
around the wire having a voltage drop across the sheath of ∆V. The corona sheath is assumed to be 
purely resistive so the voltage drop is in phase with the current. For this case, the product of voltage 
drop and current gives power dissipated in the sheath. 
  

Dlcl VIP ∆⋅=
  Watts/meter  (7-4) 

Ryan and Henline postulated that the voltage drop across the sheath is equal to V-Von, and the 
equation for power lost i a
  

n that she th becomes: 
)( onDlDlcl VVIVIP −⋅=∆⋅=  

This is equivalent to Equation 7-3. 

VLF Formulas 
The dense plasma of corona at atmospheric pressure acts like a purely resistive medium. Current 

flowing in the plasma dissipates power in a manner similar to hysteresis as discussed above. There 
ar rvations at power system frequencies 
an

 is near the 
maximum, although the start does shift away from the maximum as the voltage increases above 

and, at VLF/LF Smith (1963) shows that for larger wires corona starts near the 
current maximum, i.e., at the voltage minimum. This implies that the proportion of the total charging 

through the corona is less at VLF/LF than at 60 Hz. 

e at least two differences that occur between the corona obse
d VLF/LF. 

First, at 60 Hz the corona appears as a uniform sheath around the wire or cable. However, at 
VLF/LF, except on very small wires, the corona occurs in staggered mini-flares. This is the 
phenomenon observed for operation above the critical frequency (see Chapter 6). In this case, only a 
portion of the total charging current that flows out along the wire goes through the resistance of the 
plasma.  

Second, just above the inception level, corona currents only flow during part of a cycle. At power 
system frequencies, the corona current begins to flow when the voltage waveform

onset. On the other h

current per cycle flowing 

Modified Ryan and Henline Formula 

Both of the effects discussed above reduce the proportion (one spatially and the other temporally) 
of the total charging current flowing in the plasma, thereby reducing the power lost in corona. To 
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take this into account we have modified the Ryan and Henline equation by adding a factor K1  (0 < 
K1 < 1) to obtain: 
  )(1 oncorona VVVCKP −⋅⋅⋅⋅= ω   (7-5)

Given in terms of power density, this equation becomes 

 

  
)(1 onlcl l  

coronaP
VVVCKP −⋅⋅⋅⋅== ω

(7-6) 
This can be converted to a function of the surface el ic field alon e wire using the following 

identities: 
  

ectr g th

VCq l ⋅=/  
 

  
a

q
E l

⋅⋅⋅
=

02 επ
 

  where rge densit  the wire
    of free space, and 

   a is the wire radius. 

Making 

  

 ql is the cha y along , 
  ε0 is the permittivity

  

the appropriate substitutions into Equation 7-6 yields 

)  (7-7) ()2( 2
0cl EEEaKP −⋅⋅⋅⋅= επ

  wh  elec long th wire a  
     Eon is the critical elec d for corona onset on the wire. 

It should b ut that the c sion of v ge t fac ctri ld assumes that the 
existence of ield. This is not strict  true, but it will be 
shown tha uation is seful. 

These equations can be applied to both a coaxial configuration  w
case of con s (coaxia capacit  per  len s g by 

  

1 on
lC

⋅⋅ω⋅

ere E is the surface tric field a e nd
tric fiel

e pointed o onver olta o sur e ele c fie
corona does not affect the surface electric f

t the resulting eq
ly

 still u

and a ire above ground. For the 
centric cylinder l), the ance  unit gth i iven 

C
D dl =
⋅ ⋅2 0π ε

l / )
 

w e diameter of the outer cylinder and 
    d is the diameter of the inner cylinder (d = 2a). 

n(
  here D is th

Substituting this into Equation 7-7 gives the following: 

  
)()/ln(

2
2

0
1

oncl EEEdDdKP −⋅⋅⋅⋅⋅⋅⋅= επω
  (7-8) 

Substituting for ε0 and converting the units to frequency in kHz, d in cm, and Es and E0 in kV/cm 
gives the following: 

   (7-9) 

  where  f is in kHz, 
    D and d are in cm, and 
    E and Eon are in kV/cm. 

)()/ln()36/( 2
1 oncl EEEdDdfKP −⋅⋅⋅⋅⋅⋅= π
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The formula for a wire above ground is the same as Equation 7-9 except the log term becomes 
ln(4h/d) where h is the height of the wire above ground (h >> d): 

   (7-10) 

  where f is in kHz, 
    h and d are in cm, and 
    E and Eon are in kV/cm. 

Note that Equations 7-9 and 7-10 are formulated in terms of electric field and contain a term 
having logarithmic height variation. The height variation is inconsistent with the concept of corona 
being driven by the electric field very near the wire surface and contained within a thin region close 
to the wire, especially at and just above onset, as discussed in Chapter 2. The measurements reported 
in Chapter 6 show that for test configurations of interest the corona onset field (not voltage) is 
independent of height. When formulated in terms of electric field, all corona phenomena should be 
independent of the height of the wire above ground, as long as the wire height is sufficient to obtain a 
nearly uniform field around the wire. 

For a fixed value of K1 equations 7-9 and 7-10 contain height variation. This height dependence 
implies that the original equations of Ryan and Henline are incorrect. However, for 60 Hz
applications there is not much error numerically when using the equations because the height 
depe i lo
have to be compensated for by introducing the inverse variation into K , an unnecessary 
co

. 

rmula 

,  

)()/4ln()36/( 2
1 oncl EEEdhdfKP −⋅⋅⋅⋅⋅⋅⋅= π

 

ndence s garithmic. For the equations to be height independent the height variation would 
1

mplication. 

The following two sections outline the development of a simple empirical formula useful for 
VLF/LF applications. This formula is a combination of the modified Ryan and Henline formula and 
the theoretical formula derived in the section below and introduces a new test dependent factor K3
This factor replaces the combination of K1 and the height dependent factor in the equations. Thus for 
a given test configuration, the value of K1 determined with the modified Ryan and Henline formula 
also determines the value of K3 used in the new formula. 

Theoretical Formula 
In an attempt to determine the variation of corona power with electric field, a theoretical fo

was derived using assumptions similar to those of Ryan and Henline combined with the plasma 
thickness formula developed in Chapter 2. The assumptions are (1) the displacement current leaving 
the wire is unaffected by the plasma sheath, (2) the plasma sheath is purely resistive, and (3) the 
voltage drop across that sheath is given by the integral of the electric field from the surface of the 
wire to the edge of the sheath. 

For these assumptions, corona power is given by Equation 7-4, repeated below for convenience
  

VIP Dlcl ∆⋅=
 (7-4

 where  P

) 

t length (Watts/m), 
    IDl is the magnitude of the displacement current leaving the wire (amps/m), and 
    ∆V is the voltage drop across the plasma sheath (volts). 

The magnitude of the displacement current is given by IDl = 2⋅π⋅a⋅ω⋅εo⋅Ea , where Ea is the surface 
field on the wire, calculated without considering the effect of corona. 

cl is the corona power per uni
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The voltage drop across the plasma sheath is determined by integrating the electric field from the 
wire surface out to the edge of the active region. A formula for radius of the active region is given 
below (see the end of Chapter 2). 

  
0E
aEr a

a
⋅

=  

 where ra is the radius of the active region, 
     Ea is the surface field on the wire, 
     a is the radius of the wire, and 
     E0 is the uniform field breakdown level for similar conditions. 

The formula above applies only when the surface electric field is greater than the corona onset 
level, Eon. Note that E0 is the breakdown field for in a uniform field gap (parallel plates) with similar 
conditions and is a function of atmospheric conditions (density, wet, dry) and frequency. As 
indicated in Chapter 6, E0 is equal to the asymptotic breakdown field for large wires and is the 
leading term in the equations for the value of the critical field at corona onset. 

The electric field around the wire is given by the following formula: 

  r
aEE a ⋅=

 
here E  is the field on the surface of the wire (r = a).  w a

tric field between the radius a and ra gives the voltage drop across the active 

  

Integrating the elec
region: 

a
a

r

aa
a

a raEdr
r

aEV )ln(⋅⋅=⋅
⋅

=∆ ∫  

  )}ln(){ln( araEV aa

r

−⋅⋅=∆  

  
)ln(

a
raEV a

a ⋅⋅=∆
 

Substituting for ra gives                  )ln(
0E

EaEV a
a ⋅⋅=∆ . 

Note that ∆V is the surface electric field times the radius of the wire adjusted by the log of the 
amount the surface field is above the uniform gap breakdown field.  

Substituting these results into the previous formula for corona power results in a new formula for 
corona power. 

  )ln(2
0

22

E
EEaVIP a

aoDlcl ⋅⋅⋅⋅⋅⋅=∆⋅= εωπ     for Ea > E0    (7-11) 

This formula is consistent with the proposition that corona power is a function only of the local 
fields around the wire and not height above ground. It also indicates direct dependence on wire radius 
squared resulting from the variation of the thickness of the active region with wire diameter and the 
variation of displacement current with wire diameter. 

The critical onset field for finite-sized wires, Eon is significantly greater than the asymptotic value 
for large wires, E0 (see Chapter 6). Thus the above formula over estimates corona power when the 
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surface field is equal to the onset field. This problem can be addressed by replacing E0 with Eon, or 
more correctly, with the effective onset field Eone, discussed later, and introducing a factor K2. 
However, even with these changes the formula does not predict corona power variation above onset 
as well as the modified Ryan and Henline equation. As a result, a different, empirical, corona power 
formula was developed and is described in the next section. 

Empirical Corona Power Formula 
The proposed formula is empirical in that it is ly based on theory. It includes a 

combination of aspects of both the Ryan and Henline formula and the theoretical formula derived in 
the section above, including variation with radius squared. It does have the feature that corona power 
is a function only of the electric field in the vicinity of the wire and is independent of the height 
above ground. The resulting formula is given below, and it is the recommended formula for 
estimation of the power dissipated in corona on wires at VLF/LF. 

Assume that the voltage drop is proportional to the factor ∆V = (Ea � Eon)⋅d, where d = 2⋅a is the 
diameter of the wi ng Equation 7-4 by including a factor K3 and substituting the 
relationship for ∆V g
  

not complete

re. Modifyi
ives:  

VIKP Dlcl ∆⋅⋅= 3   

   (7-12) 

The f  c  the 
proportionality
th r 

2
3 )( dEEEKP onaaocl ⋅−⋅⋅⋅⋅⋅= εωπ

actor K3 in ludes both the effect of K1, the amount of active surface on the wire, and K2

 factor for the voltage ∆V. This equation is similar to Equations 7-9 and 7-10 except 
e height variation that was included in the logarithmic term has been eliminated. For a particula

wire configuration, K3 can be directly related to the factor K1 as follows: 

  
)4ln(

2
1

3 d
hKK ⋅=

 (7-1
for a wire above ground and 

  

3) 

)ln(1
3 d

DKK ⋅=
2  (7-14) 

n 

.  

TEST CELL CONFIGURATIONS 
Corona power measurements were carried out at Forestport in 1989, using both horizontal and 

vertical test samples consisting of wires, cables, and pipes. These samples were tested for both dry 
and spray-wet conditions. 

The vertical test cell consisted of a grounded cylinder made up of hardware cloth with the 
energized sample placed at the center. A description of this test cell is given in Chapter 6, with a 

for a wire inside cylinder of diameter D. 

The section below describes the measurements of corona power. These measurements were 
processed and fitted to the equations by adjusting the value of K3 for each measurement configuratio
and condition. The values of K3 so determined are used in the empirical (recommended) equation (7-
12) to estimate corona power, as discussed in the section on K3 below. Note some of the data were fit 
to the modified Ryan and Henline equations. For this case K1 was determined and then converted to 
K3 by using the above equations
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diagram shown in Figure 6-4. The outer diameter of the coaxial cell was 3.2 meters, and its height 
was 3.6 meters. The test sample was 1.98 meters long. During the 1985 tests, the shield ring at the 
upper end of the sample was 0.61 meters in diameter and was made of aluminum pipe 0.15 meters in 
diameter. The lower end had a similar ring plus a larger 0.8- by 0.2-meter ring immediately below it. 
For the 1989 tests the double rings at the top and bottom were each replaced with single smaller 0.36- 
by 0.064-meter ring. Figure 7-2 shows a picture of the vertical test cell taken during the 1989 tests 
with the #8 stranded wire well into corona. 

 

Figure 7-2.  Forestport vertical test cell with #8 wire well into corona. 

For horizontal tests, the outside test configuration was used for the corona power tests that took 
place in 1989. This test configuration is described in Chapter 6 and illustrated in Figures 6-1 and 6-2. 
The samples were 20 feet (6.1 m) long and 8 to 10 feet (2.4 � 3.05 m) above the ground plane. For 
these tests, the electrical ground under the samples was made up of 4-foot by 8-foot aluminum sheets 
shown in Figure 6-1. There was also a 30-foot by 30-foot extension to the ground system made from 
wire mesh hardware cloth, which was not in place at the time of the picture. Figure 7-3 shows the 
horizontal outside test setup at night with the sample well into corona. 

The corona loss per meter length of line is relatively small at power system frequencies and it is 
necessary to use rather long lines for measurement of corona power. For long lines, the end effects 
are small and can be ignored in the derivation of loss per unit length of line. We were able to use 
short lines for the VLF and LF measurements because the losses are significantly larger. However, 
the end effects e  when 
interpreting the m
test sample to keep the end connections from going into corona. These rings were kept small so that 
they would not significantly shield the wire in an attempt to keep the field along the sample as 

 becom  more important with short lines and their effect must be included
easurement results. Toroidal-shaped corona rings were placed at both ends of the 
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un

aximum near the sample center to minimums 
o shielding from the corona rings. For the horizontal case, the sample was 

lo  

iform as possible. This reduces the uncertainty in the magnitude of the surface electric field at the 
center of the wire and simplifies interpretation of the results. 

The field along the samples was estimated using computer programs for both the vertical and 
horizontal test cells. These results showed that the field is not truly uniform for either test setup. For 
both setups, the surface electric field varied from a m
near the both ends due t

ng enough so that the magnitude of the surface field at the center of the wire was the same as that
for an infinite length wire. This was not true for the vertical test cell. 

 

Figure 7-3.  Outside horizontal test cell in corona. 

The calibration of the test cells was checked using a measurement method based on neon bulbs. 
The neon bulbs are attached to small plates mounted on either side of a thin dielectric slab, which 
acts as an antenna. These lights were mounted with tape at several points along one of the larger 
diameter test samples. The surface electric field on the sample s proportional to the voltage on the 
test sample. The antenna portion of the neon bulb device picks up a voltage proportional 

i
to the 

surface electric field, which is imposed across the neon bulb. As the voltage on the sample increases, 
e voltage across the neon bulb increases, eventually igniting the bulb

The bulb devices were calibrated by determining the voltage at which they ignited when plac
the center of the horizontal test sample. The calibration depends upon knowing the relationship 

tween the voltage and the field at the center of the horizontal wire, wh
Following calibration, the bulbs were placed at several locations along the test sam

e vo one was recorded. The firing voltages at each 
int e o e calibration data. This data was taken in both 

the vertical and horizontal test cells. The lower two curves in Figure 7-4 show the voltage at which 

th  (at approximately 67 volts). 

ed at 

be ich is determined by 
calculation. ple, 
th ltage increased, and the firing voltage for each 
po  wer  c nverted to surface electric field using th

7-11 



Chapter 7 Power Loss in Corona  VLF/LF High-Voltage Design and Testing 

th
 

ratio of the surface electric field strength 
al  s 

h 

ced near the end corona rings. The difference in corona onset voltage measured in the 
rizontal test cells was also about 6%. 

e neon bulbs turned on, after correction for small differences in the turn-on field of the different 
sensors. The relative field strength at any point is inversely proportional to the voltage at which the
neon bulb fired. This is because it takes more voltage on the wire to ignite the neon bulbs when the 
field is low. The upper two curves in Figure 7-4 give the 

ong the wire to the theoretical calculated field strength at the center. The end points for both curve
are obtained by extrapolation. 

Figure 7-4 shows that for the horizontal test cell the fields on the 20-foot test wire approach the 
calculated value except within about 4 feet of the ends. However, for the vertical test cell, even wit
the smaller rings the field does not reach the calculated value anywhere along the test sample. The 
field near the center was about 6% below that calculated for an infinite coaxial geometry and was 
further redu
vertical and ho
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Figure 7-4.  Vertical and horizontal test cell neon bulb calibration data. 

The reduced field strength at the center of the vertical test cell is due to the relatively short cell a
sample length and the corona rings used at the ends. A correction factor for the maximum field in t
vertical test cell was developed by averaging the estimates of the three different calibration 
techniques: (1) comparison of 

nd 
he 

the onset voltages for the vertical and horizontal test cell, (2) the two-
di

. 

ff 
t or 

higher voltages more of the wire will be in corona but the center region will have surface field 

mensional (2-D) electrostatic computer code, and (3) surface electric field measurements using the 
neon bulbs as calibrated in the horizontal configuration. For the 1985 measurements, the field at the 
center of the vertical test cell was 0.9 times the value calculated for an infinite coaxial configuration
The configuration used in 1989 had smaller rings, and this factor was 0.94.  

EFFECTIVE LENGTH 
Since the test samples are relatively short, the end effects can have a significant effect on power 

density calculations. In both of the test cells, the surface field is a maximum at the center and falls o
toward the ends. Therefore, the amount of the sample in corona varies as a function of voltage. A
slightly above corona onset only a small portion of the wire near the center will be in corona. At 
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strength well above onset, while away from the center the field strength will be less. Thus, the mo
intense corona will be at the sample 

st 
center, and the intensity will be reduced with distance away from 

the center (see Figure 7-2). As a result, the power dissipated along the wire will not be uniform. The 
effective length must be determined to convert the total corona power measurements to power per 
unit length. 

The estimation of the effective length was based on the modified Ryan and Henline equations, 
which have the same voltage and field variation as the recommended equation, 7-12. The effective 
length estimated in this way is consistent with both the modified Ryan and Henline and the empirical 
equations. The modified Ryan and Henline Equations 7-6 and 7-7 used for this analysis are repeated 
below. 
  ( )onlcl VVVCKP −⋅⋅⋅⋅= ω1    Watts/m (7-6) 

  )()2( 2
01 on

l
cl EE

C
EaKP −⋅⋅⋅⋅⋅⋅⋅= ωεπ   (7-7) 

The corona onset voltage is a parameter measured during the tests. However, because of the 
previously discussed variation of the electric field along the test sample, the onset voltage in 
Equation 7-6 is a function of position along the wire. Equation 7-7 has an advantage in that the 
surface electric field at onset (Eon) is constant along the wire. 

The effective length is defined as the length of a wire, having uniform surface electric field equal 
to the field at the center of the test sample, which dissipates the same amount of power as the original 
sample with the non-uniform field. The method used to determine the effective length is based on 
Equation 7-7, although the same results can be obtained from Equation 7-6, with added 
complications. The approach used is to numerically integrate the function E⋅(E-Eon)/Cl along the 
wire. This in et  equal to the 
field at the c  to make the 
second integ

  

tegral is s  equal to the integral over a length of wire with a uniform field
enter of the sample wire. The effective length is the length of wire required
ral equal to the first integral as follows: 

( ) ( )( ) ( ) ( )onc
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l

lc

c
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l

EE
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dlEE

C
E

dlElE
lC
lE e

−⋅
⋅

=⋅−⋅=⋅−⋅ ∫∫
00 )(

 

  where E(l) is the actual surface field along the sample, 
     Eo is the onset gradient, 
     Ec is the gradient at the center of the sample, 
     Cl(l) is the capacitance per unit length along the sample, 
     l is the length of the sample, and 
     le is the equivalent length of wire in corona. 

Note that E and Cl vary along the length of the wire, while Eon is constant. The integral can be 
evaluated by taking advantage of the fact that E and Cl have the same variation with position: 
  cElFE ⋅= )(  
  lcl ClFC ⋅= )(  

  where  Ec is the surface electric field at the center of the wire, 
     Clc is the capacitance per unit length at the center of the wire, and 
     F(l) gives the variation in field strength and capacitance along the wire. 

This variation in both the field strength and capacitance is given by F(l) as shown by plots of E/Ec 
in Figure 7-4 for the vertical and horizontal test cells.  
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Substituting the above expressions for E and Cl into Equation 7-7 and solving for the effective 
length, gives the following. 
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A computer program was written to numerically integrate this function and calculate the effective 
length. The results of these calculations are given as a function V/Von (same as E/Eon) for both the 
vertical and horizontal test cells in Figure 7-5. Note that at onset the effective length is small, but as 
voltage increases, it becomes asymptotic to a value somewhat less than the sample wire length. A 
curve-fitting program was used to generate simple analytic representations of these curves to enable 
processing the corona power data in terms of power dissipated per unit length of wire. Plots of the 
analytic representations are included in the figure.  
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Figure 7-5.  Forestport test cell estimated effective lengths. 

CORONA POWER MEASUREMENT 

Method 
Corona power was determined from measurements of the total input power to the high voltage 

resonant circuit. The technique involves first measuring the total input power as a function of voltage 
for a test configuration with no corona, such as a large diameter pipe. Then the input power is 
measured for a test configuration that does have corona, such as a smaller diameter wire. The power 
dissipated in corona is the difference between the total input power with corona and the total input 
power for the corona-free configuration at the same voltage. 

 Figure 7-6 shows a block diagram of the instrumentation used to measure the total power into the 
high-voltage resonant circuit. Figure 7-7 shows a picture of the power measurement equipment. The 
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helix house matching-transformer is shown on the left of the picture. The white lead on the left is the 
Litz wire feeding the resonant circuit. The current in the resonant circuit, I, was measured using the 
(green) Pearson current transformer mounted on the Litz wire. The current transformer was 
connected to one of four digital multi-meters (DMMs) (HP-3468A digital multi-meter) located on top 
of the blue shipping container shown on the right-hand side of the figure. 

 

Figure 7-6.  Corona power test instrumentation block diagram, Forestport, 1989. 
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Figure 7-7.  Forestport power measurement equipment. 

The voltage, V, at the transformer output was measured using a 100:1 capacitive divider, connected 
to another DMM. The phase between the voltage and current was measured using the HP Gain-Phase 
meter shown, which provided a dc output proportional to phase. This dc signal was connected to a 
third DMM. A fourth DMM was connected to the 10,000:1 divider connected to the high voltage on 
the test object (not shown). 

The outputs route the 
si e high 

a 

 of the four DMMs were fed to an HP-71 computer using an HPIL link to 
gnal approximately 50 feet into the observation room. The HPIL link worked well even in th

field environment of the helix house. The computer was connected to a printer and the measured dat
were periodically printed to produce a real-time readout. The data were also stored on a floppy disk 
for later processing. The calibration of the 10,000:1 high-voltage divider requires considerable care 
and is further described in Chapter 5. 

Using this test setup, the circuit input power is calculated by the standard method: 
  ( )θcos⋅⋅= IVPin  

  where V is the voltage measured at the transformer, 
      I is the current measured at the transformer, and  
     θ is the phase angle between voltage and current. 

This power includes the losses in all the circuit components including the capacitors, the inductor 
(helix), and the insulators. The magnitude of the impedance (V/I) was plotted versus this phase an
as the circuit was tuned using the variometer. The magnitude of the impedance was a minimum a
phase angle of approximately �4

gle 
t a 

). 
This phase error was subtracted out as part of the input power calculation. 

o, indicating a phase error in the voltage divider system (Figure 7-8
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Figure 7-8.  Forestport corona power test, phase calibration. 

g insulators, were energized during the calibration. This is necessary because the insulators 
dissipate power, especially when wet. The circuit power versus voltage, with no corona, was 
measured first and then subtracted from the power into the circuit at the same voltage, with the test 
sample in place. 

 A calibration run was made prior to each set of measurements. This consisted of measuring the 
total power into the circuit versus high voltage over the range of voltage levels to be used later for 
corona power measurements. During wet tests, it was impossible to keep the insulators completely 
dry, and the power dissipated in them must be accounted for as well. During the outdoor tests, the 
wind sometimes changes during a test series, and the wetness of the insulators changes from that 
during the calibration run. This resulted in increased variability of experiment results for outdoor wet 
tests. 

Figure 7-9 shows a typical plot of observed power losses for the vertical test cell. The test circuit 
power loss appears to vary according to the formula Ploss = K ⋅ V(2.03). The value of K is dependent on 
frequency and the amount of inductance and capacitance in the circuit. For the Forestport test cell, 
nominal values are K = 0.276 at 29.5 kHz, and K = 0.098 at 57.4 kHz (for V in kV rms). 

Calibration Measurements 
The corona power is the difference between the power into the circuit at a given voltage with no 

corona present and the input power to the circuit, at the same voltage, with the test object in corona. 

The corona-free circuit power was measured using a large diameter pipe in place of the test 
sample. The diameter of the pipe was large enough to be corona free at the maximum measurement 
voltage. Using the pipe in place of the sample ensured that all the high-voltage components, 
includin
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Figure 7-9.  Vertical test cell power calibration data. 

Corona power was determined by subtracting the test cell power calculated by the above formul
from the measured total input power. At voltages below corona onset, ther

a 
e should be no corona 

power. Sometimes it appeared that the circuit losses varied between the time of the calibration run 
h led to non-zero values of corona power at low voltage. For those data 

ally used to maintain resonance of the high-voltage circuit involved adjusting 
frequency to track changes in resonance. When corona forms, it effectively increases the electrical 
size of the conducting object involved, thereby adding capacitance, which changes the resonant 
frequency of the circuit. Operation at higher voltages for any length of time resulted in the capacitors 
warming up, changing their capacitance slightly, which also changed the resonant frequency. It was 
determined that the power measurements were more stable and repeatable if calibrated and measured 
at exactly the same frequency. To accomplish this, resonance was maintained by tuning the circuit 
with a small variometer instead of changing the test frequency. 

MEASUREMENTS 

Configurations Tested 
Corona power versus voltage was measured using several different samples in both the vertical and 

horizontal test cells for both wet and dry conditions and with three frequencies in the VLF/LF band. 
During the 1989 campaign, a rather extensive set of corona power measurements was taken. Tables 
7-1 and 7-2 list the samples and conditions used during the test period. Note that the frequencies are 

and the corona tests, whic
sets, we compensated by adjusting the value of K slightly (a few percent at most) to force the low-
voltage values of corona power to zero. The exponent 2.03 was kept the same. 

The horizontal test cell was calibrated in a similar manner. 

The technique norm
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listed as F1, F2, and F3 corresponding to the low-, medium- and high-frequency for each test. The 
frequencies in each range were not all the same because the capacitance of the test setup and samples 
varied. For the horizontal test cell, F1 was about 18 kHz, F2 was 27 to 28 kHz, and F3 was about 48 
kHz. For the vertical test cell, there were no measurements at F1, F2 was 28 to 29 kHz, and F3 was 
about 57 kHz. Note that the diameter of the vertical test cell was always 3.2 meters. The height for 
each of the horizontal tests is given in Table 2 below. 

Table 7-1.  1989 corona power vertical test samples (D = 3.2 meters). 

  F1 F2 F3 

Sample Diameter (cm) Wet Dry Wet Dry Wet Dry 

3/8” rod 0.952    x  X 

#8 smooth 0.33    x x X 

#8 stranded 0.368   x x x X 

#18 smooth 0.368    x  X 

Cage, 2 x #8 strand S = 10   x x x X 
 

Table 7-2.  1989 corona power horizontal test samples (wire height in meters). 

  f1 f2 f3 

Sample Diameter (cm) Wet Dry Wet Dry Wet Dry 

Cage, 2 x 1” stran  d D = 2.57    3.2 3.2  

S = 61 

1” smooth 2.54 2.4 2.4 2.4 2.4 2.4 2.4 

1” stranded Al* 2.57 2.65 2.65 2.65 2.65 2.65 2.65 

#6 stranded Cu 0.470 2.4 2.4 2.4 2.4 2.4 2.4 

#8 stranded Cu 0.368 2.4 2.4 2.4 2.4 2.4 2.4 

#10 stranded Cu 0.234 2.4 2.4 2.4 2.4 2.4 2.4 

#18 stranded Cu 0.145 2.4 2.4 2.4 2.4 2.4 2.4 
 ` * Dixon, 2002 

Power Measurements 
Figure 7-10 shows a typical data set and the processed results for the horizontal 1.01-inch diameter 

stranded cable two-wire cage, spray-wet, operating at 27 kHz. The curve labeled �Input Power� is the 
total power into the test cell with the test sample in place. The curve labeled �System Power� is the 
best-fit curve for the power into the circuit measured with a large diameter test sample that did not go
into corona 

 
(calibration data). The curve labeled �Corona Power,� is the difference between these 

two curves, and corresponds to the power dissipated in corona.  
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Figure 7-10.  Corona power for the 1.01-inch stranded two-wire cage, spray-wet at 27 kHz. 

For spray-wet conditions, there are several corona-like phenomena that occur as the voltage is 
increased (see Chapter 6 for detailed descriptions of these phenomena). The phenomena and voltage 
at whic first 
phenom
dark-adapted eye. The next phenomena are flickering purple streaks that arise from falling water 
drops or stre

tions. As the 
voltage increased, more purple mini-flares formed, until at the highest test voltage there were 
approximately 100 of them, some as long as 1 foot. 

A second example of measurements using the same cable setup and frequency but for dry 
conditions is shown in Figure 7-11. In this case, instead of continuously increasing corona, there is a 
sharp threshold between no corona and the formation of small mini-flares. For dry conditions, it does 
not have to be dark to determine corona onset because the mini-flares give off a distinct audible 
buzzing sound and are often dimly visible in daylight. The phenomena observed for dry conditions as 
the voltage increases are listed on the figure. The onset voltage was 113 kV, and corona power 
increased very rapidly with voltage above that level. As the voltage increased, more of the cable 
became active in corona and there were more flares. The flares become longer and spaced farther 
apart as the voltage is increased. These flares dissipate considerable power. For the example shown 
in Figure 7-11 at the highest voltage tested, 130.4 kV, there were nine flares dissipating slightly more 
than 8 kW (approximately 1 kW per flare). 

h they occurred for this sample are listed in Figure 7-10. As the voltage is increased, the 
enon is corona on falling water drops (sparklers) that can only be seen in the dark with a 

ams. Further increases in voltage leads to continuous purple streaks, termed purple mini-
flares that arise from a bright hot spot on the wire. The purple mini-flares that form under wet 
conditions are similar to the purple streamers that mark corona onset for dry condi
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Figure 7-11.  Corona power data for 1.01-inch stranded two-wire cage, dry at 27 kHz. 

Onset – Extin
Description 

the 

Pu ses 
 

, until the 
extinction level of 95 kV was reached. Ignition of the purple mini-flares is easy to detect when there 
is little or no wind. However, during windy conditions it is much more difficult to determine the 
ignition point. This is attributed to the wind blowing away the space charge around the wire changing 
the onset level. 

ction 

For both wet and dry corona, there is a hysteresis effect that takes place between the onset and 
extinction levels. A detailed look at what happens between onset and extinction for dry conditions is 
shown in Figure 7-12, which is an expansion of the data shown in Figure 7-11. The direction of 
voltage change is indicated in the figure by the numbered arrows. The voltage starts well below the 
onset level, and there is little or no corona power as the voltage increases towards the onset level. 

rple mini-flares ignite when the onset voltage (113 kV) is reached and the corona power increa
to about 175 watts. Once these mini-flares ignite, they remain even when the voltage is decreased
until the voltage reaches the extinction level. For the data shown in Figure 7-12, the voltage was 
decreased following ignition and the corona power fell, approximately linearly with voltage
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Figure 7-12.  Corona power at onset, 1.01-inch stranded two-wire cage, dry, 27 kHz.  

An example of hysteresis phenomena for wet conditions is shown in Figure 7-13, which is an 
expansion of the data shown in Figure 7-10. On the average what occurs is as follows. Below about 
90.5 kV, there is very little corona power corresponding to the corona on the drops. At 90.5 kV, the 
purple mini-flares ignite and the corona power increases to about 100 watts. Following ignition, the 
voltage wa ly with 
voltage, until the purple mini-flares extinguished at around 85 kV. For the specific example shown in 

curred at 92.5 kV with power levels shown that range from 140 to 180 
 

mple 
n 

in nature and 
ea

s 
. 
ro, 

s decreased. The corona power correspondingly decreased, approximately linear

Figure 7-13, the ignition oc
watts (right set of vertical squares).  The other two sets of squares represent conditions as the voltage
is decreased towards extinction. 

A second example showing measurements of the power dissipated between the onset and extinction 
levels for wet conditions is shown in Figure 7-14. These data were also taken using the two-wire 
cage of 1.01-inch cables. In this figure corona power and voltage are plotted versus time (sa
number). The voltage was increased until the purple mini-flares occurred, and then decreased agai
until they went out. This was repeated several times as a part of the averaging method used to obtain 
onset and extinction voltages (Chapter 5). Note that the breakdown process is statistical 

ch cycle is slightly different. 

Examining the right-hand half of Figure 7-14 (samples 300�380) shows that when the voltage is 
below the ignition level of the purple mini-flares, the corona power is small. When the voltage 
reached the onset level for purple mini-flares, the corona power suddenly increases. The voltage wa
decreased after that and the corona power decreased slowly until the extinction level was reached
The last two cycles are a good illustration of this process. Note that the power is small, but not ze
when the voltage was below the ignition level for the purple mini-flares. This power is dissipated in 
the non-stationary purple streaks and corona on water drops.  
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Figure 7-13.  Corona power at onset, 1.01-inch stranded, two-wire cage, wet, 27 kHz. 
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Figure 7-14.  Wet corona voltage and power data in the vicinity of onset. 
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On the left side of Figure 7-14, there is a similar section of data taken around the level of sparkler 
onset and extinction. Note that the voltage where this occurs is much below the ignition level for 
purple mini-flares, and that there is very little power dissipated. In fact, the power dissipated was 
within the noise level of the measurement system, which is why there sometimes appears to be more 
power dissipated when the sparklers have gone out.  

Wet Onset Definition 

For spray-wet conditions, the threshold of corona onset is not distinct as it is for dry conditions, 
and it is necessary to choose a definition for corona onset that is consistent with the objective of 
developing design criteria for VLF/LF high-voltage systems. For these systems, it is desirable to 
operate at as high a voltage as possible without dissipating much power through corona or damaging 
the system components. A second consideration is that the corona onset definition has to be based on 
a repeatable phenomenon that can be easily measured. 

The corona that forms on water drops does no damage and dissipates so little power that it could 
not be reliably measured with the test setup at Forestport. It follows that water-drop corona is 
acceptable in an operational antenna system. The non-stationary purple streaks dissipate more power 
but still not enough to be consequential, and they do no damage. Their presence is also acceptable for 
an operational antenna. Also, they are not suitable as a good definition of corona onset because they 
grow continuously out of sparklers as voltage increases, and as a consequence it is difficult to 
determine when they first appear. In contrast, it is relatively easy to determine the level at which 
continuous purple mini-flares start (unless it�s windy). They arise from a bright spot on the wire, and 
they are similar to the purple streamers that mark dry corona onset. They dissipate measurable 
amounts of p  th e 
easons, the voltage at which these purple mini-flares appear was chosen to define wet corona onset. 

Below this level, there is some corona power, but it was often below the threshold of the 
measurement system. 

Using the ignition of the purple mini-flares as the definition of wet corona onset, the onset voltage 
for the 1.01-inch two-wire cage of Figure 7-10 was 90.5 kV rms, although, as shown in the figure, 
there is a slight amount of corona power dissipated below that level. 

Formula 

Neither the empirical formula, Equation 7-12 nor the modified Ryan and Henline formulas, 
Equations 7-6 and 7-7, are accurate around the level of onset, because at onset the term (V-Von) or (E-
Eon) forces the calculated power at onset to be zero, not the value that suddenly occurs at onset. Thus, 
at onset, and immediately above onset, the formula gives values of power dissipated that are too 
small. For this region, we propose to further modify the formulas by replacing the onset levels in the 
last term with the effective onset level. The formulas become,  

  

ower and e bright spot on the hardware can cause damage over time. For thes
r

)(1 one
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  where
     

 Vone is the effective onset voltage, and 
Eone is the effective onset surface field. 
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The values of Vone and Eone that fit the data are slightly less than the actual onset levels but well 
above the extinction levels. The data for the 1.01-inch stranded two-wire cage data are consistent 
with the equivalent onset level being 0.65% less than onset for both the dry and spray-wet condition
at 27 kHz, shown in the section on Corona Power below. 

As previously mentioned these formulas are multiplied by implicit unit step functions, U(V

s 

p functions with U(Ve) and U(Ee) respectively, and using a different (much smaller) value 
of

 
d the factor K1, K2, or K3 depending upon the 

eq ood 
ed 

 

d Ryan 

 

The data from Figure 7-10, corona power for the wet 1.01-inch two-wire cage, are presented with a 
logarithmic scale in Figure 7-16. Two separate equations are required to fit these data; one shown as 
a solid line for the data between onset and extinction and a solid line for the data above onset. The 
data between onset and extinction are well fitted by Equation 7-15 with the parameters given in the 
previous paragraph. The dashed curve shown in Figure 7-15 has been re-plotted as the solid curve 
fitting the lower voltage data in Figure 7-16. As the voltage increased above onset, the curve fit 
required using Equation 7-5, which has onset voltage as the last term, and a value of K1 = 0.15, as 
shown in the figure. From these data, it is clear that the slope of power versus voltage is steeper 
above onset than below onset. 

Similarly, the data for the dry 1.01-inch two-wire cage in the vicinity of onset and extinction have 
been curve fitted using Equation 7-15, as shown in Figure 7-17 plotted with a logarithmic scale. 
Between onset and extinction, an excellent curve fit is obtained using the extinction voltage in the 
last term of the equation, and with a factor of K1 = 0.007. Several onset and extinction runs are 
included in this figure to illustrate the statistical nature of the process. The curve fit approximates an 
average of these runs. Above onset the curve fit using an equivalent onset voltage, Vone, slightly less 
than that measured and K1 = 0.07 results in a good fit up to almost 125 kV. Above that level, large 
flares developed, and a good fit to that portion of the data can be obtained with an equivalent onset 
voltage of 116 kV and K1 = 0.38. For the two-wire cage the displacement current was calculated 
using the equivalent radius for capacitance, aeqC, (Chapter 4). One problem with the cage data is that 

on) or 
U(Eon) according to the convention of Ryan and Henline. The use of these unit step functions and 
values of Vone or Eone slightly less than Von or Eon enables the formulas to reproduce the effect of the 
sudden jump in power that occurs when the voltage reaches the onset level. The effect seen when 
reducing the power level from above onset can be reproduced by changing the formula by replacing 
the unit ste

 K1 or K3. 

Curve Fitting 

Curve fitting involves fitting the measured data with one of the equations. The parameters that can
be adjusted are the equivalent onset voltage or field an

uation. By adjusting these parameters, formulas were obtained which provided reasonably g
fits to the collected data. The empirical equation, with the associated factor K3, is the one we settl
on as being the best. Some of the curve fitting results that follow were done using the modified Ryan
and Henline equations with the factor K1. In that case the equivalent value of K3 is usually included, 
with the exception of the two-wire cage data.  

The wet 1.01-inch stranded two-wire cage (24-inch separation) wet 27-kHz data shown in Figure 
7-10 has been fitted using Equation 7-15, shown plotted in Figure 7-15. Note that the modifie
and Henline equation gives an excellent fit between extinction and onset when using the extinction 
voltage in the last term and with a value of K1 = 0.03. In Figure 7-15, the solid line corresponds to 
using a unit step function of the onset voltage {U(Von)}, while the dashed line corresponds to using a
unit step function of the extinction voltage {U(Ve)}. 
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sometimes (typically low level) only one wire was in corona and at other times (typically higher 
levels) both wires went into corona. 

 

Corona Power vs Voltage, Onset - Extinction
1.01-inch, two-wire cage, spray-wet, 27 kHz
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Figure 7-15.  Corona power between onset and extinction for 1.01-inch,  
two-wire cage, spray-wet at 27 kHz. 
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Input and Corona Power vs Voltage
1.01-inch, two-wire cage, spray-wet, 27 kHz
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Figure 7-16.  Equation fit for horizontal 1.01-inch stranded two-wire cage, wet 
at 27 kHz. 
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 The value of K1 
for the region below onset is small, where the corona is dim. It is nearly an order of magnitude 
greater for the region immediately above onset. It increases again at a higher voltage level, 
corresponding to the region where flares form. 

Onset - Extinction Corona Power
1.01-inch, two-wire Cage, Dry, 27 kHz
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Figure 7-17. Curve fit for horizontal 1.01-inch, stranded two-wire cage, dry at 27 kHz. 

For both wet and dry cases, there are different regions corresponding to different corona 
phenomena. In each region the data can be fit with Equation 7-6 by using different values for the 
equivalent onset voltage and K1. As the voltage increases the points where changes in the equation 
are required to fit the data are correlated with changes in the observed phenomena.
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Power Density 
Power density is determined by dividing measured total power by the effective wire length. The 

effective wire length is a function of the amount that the voltage is above the onset level as previ-
ously discussed (see Figure 7-5). The effective wire length was calculated for each case by using the 
analytic representations described above. An example of processed data is shown in Figure 7-18 for a 
#8 smooth dry wire at 29.4 kHz in the vertical test cell. In this figure, two different sets of 
measurements are shown (Data files COR 9-10 and COR 20). The data from these measurements are 
similar except the onset voltage was somewhat greater for the COR 20 data. The curves have been fit 
to the COR 9-10 data. 
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-18, it can be seen that above this level the corona power 
increases more rapidly than predicted by the equation. This change was not observed with the 
horizontal test cell until much higher voltages were reached. The transition to large flares in the 
vertical test cell at lower voltages is attributed to the close proximity of the test wire to the grounded 
outer cage, which results in enhanced field strengths near the wire when significant ionization is 
present. The indoor conditions (no wind) for the vertical test cell allow the buildup of ionization 
products within the cell. In this case, the enhanced field strength does not fall off from the wire as 

 

Figure 7-18.  #8 smooth dry vertical at 29.4 kHz and formula comparison. 

Two different curves generated by the modified Ryan and Henline formula for cylindrical 
geometry, Equation 7-15, are shown in the figure denoted in the legend by calc K3 = 1.96, and calc 
K3 = 1.34. The curve with K3 = 1.96 fits better at and just above onset, but the curve with K3 = 1.34
was selected as a better fit to all the measurements. The equation fits the data fairly well with this 
value of K3 except that the measured power density just above onset increased slightly faster than the
calculated values. One possible reason for this is that the estimated effective wire length may be too 
small in the vicinity of onset. 

At a level slightly above 100 kV, the nature of the corona changes from many mini-flares to a few 
large lightning-like flares. In Figure 7
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rapidly as for the horizontal wire geometry where the ground potential is further away and even 
slight wind will disperse the ionization products. 

Comparison of Formulas 
Figure 7-18 contains plots of all three equations, the modified Ryan and Henline with the factor 

K1, the theoretical equation with the factor K2, and the empirical equation with the factor K3. Note 
that the curves generated by the modified Ryan and Henline formula (K1 = 0.57 and K1 = 0.39) are 
the same as the curves generated by the empirical equation (7-12) with K3 = 1.96 and K3 = 1.34, 
respectively. 

The theoretical curve with K2 = 1.0 is shown in the figure for comparison. This curve is a good fit 
well above onset giving credibility to the theory. However, this formula gives too much corona 
power in the vicinity of onset. This can be partially corrected by adjusting K2 and Eone, but even with 
these adjustments the empirical formula fits the data better and is therefore the formula of choice for 
curve fitting. 

Vertical – Horizontal Comparison 
Figure 7-19 shows the observed and calculated power densities as a function of surface electric 

field for a #8 stranded wire in both the vertical and horizontal test cells at 28 kHz. For both cases, the 
observed and calculated values agree fairly well up to about 50 kV/cm. Note that above 80 kV/cm 
the vertical data show a sudden increase in slope, similar to the data in Figure 7-18. This is the result 
of the large flares, which occ r an the horizontal test cell. 
This is attributed to residual ionization within the coaxial geometry of the vertical test cell. For the 

high surface field levels, the observed power was less than the calculated 

ur at lowe voltage in the vertical test cell th

horizontal case shown at 
value.  
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Figure 7-19.  #8 stranded wire dry, vertical and horizontal at 28 kHz. 
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Note that at the lower voltage levels the power for both vertical and horizontal cases is nearly the 
same. However, as the voltage increases the power for the vertical case is somewhat larger. This can
be attributed to the fact that the field falls off uniformly around the wire in the vertical case result
in the formation corona all around the 

 
ing 

wire involving more of the surface area (Figure 7-2). The 
fa and this could explain why 
K e modified Ryan and 
Henline equations using K1 contain height (or D for the cylindrical case) dependence, which accounts 

r part of the difference. Note that the values of K3 for the vertical and ho
g

Data for the smooth and stranded #8 wires under dry conditions for the vertical test cell at 28�29 
kHz are shown in Figures 7-18 and 7-19. For the smooth wires and stranded wires the values 
determined for K3 were 1.34 and 1.38 respectively. This indicates that at least for smaller diameter 
wires K3 is not strongly dependent upon the wire being smooth or stranded. 

Since K3 includes the proportion of the surface area involved in corona, the value of K3 depends on 
surface condition, especially for smooth wires. This is because only the roughened portion of the 
surface goes into corona first, not the entire surface. We were reasonably careful with our samples to 
remove any obvious roughness. However, the wire surfaces were not polished or specially prepared. 
As a result, the surface roughness varies between samples. Roughness over a portion of the surface 
reduces the onset voltage in that region. At voltages just above onset, only the rough area is involved 
in corona, resulting in a smaller value for K3. As the voltage increases, eventually the undamaged 
area goes into corona resulting in an apparent increase in the value of K3.  

Frequency Comparison 
Figure 7-20 shows an example of data taken using the #8 stranded wire in the horizontal cell with 

dry conditions at two frequencies, 17.9 and 27.8 kHz. There is good agreement between the observed 
data and values calculated using the fit. The values of K3 are similar but a little larger for the lower 
frequency. 

 

ctor Kl (and hence K3) includes the proportion of the wire area in corona 
l (K3) is larger for the vertical case. However, as previously mentioned th

fo rizontal case are closer 
to al formula based on the ether than the values of K1, providing further validation for the empiric
height independence proposition. 

Stranded – Smooth Comparison 
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Forestport 1989 Data, # 8 Stranded, Horizontal, Dry
17.9 KHz and 27.8 kHz
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Figure 7-20.  Horizontal #8 stranded wire dry at two frequencies. 

r fixed environmental conditions, the onset voltage should remain constant or decrease slightly 
with increasing frequency. However, for the data shown in Figure 7-20, the onset level for 27.8 kHz
was greater than that for 17.9 kHz. This is attributed to the fact that the measurements were made 
outside at night, and environmental conditions varied during an evening�s test. For dry tests, 
changing humidity, and particularly the formation of dew, changed the onset voltage for different t
runs and explains the apparent anomaly in onset voltage for this data set. 

The difference in onset voltage resulted in more power being dissipated at 17.9 kHz than at 27.8 kHz 
over a range of voltages immediately above onset. However, the slope of the 27.8-kHz dat  was 
greater than that at 17.8 kHz, which agrees with the expected frequency dependence, and as the 

ltage was increased the power dissipated at 27.8 kHz eventually exceeded that at 17.9 kHz. 
Consequently, even for cases where the onset voltage was affected by moisture, there is good 
agreement between the observed data and values calculated using our formula.

Figure 7-21 shows the total corona power dissipated using the #6 stranded wire (0.47-cm diameter)
dry in the horizontal test cell for three different frequencies. For these data, the onset value at 17.9
kHz is again less than that at 27.8 kHz, but like the data above the slope of the curves increases with
frequency. 
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Figure 7-21.  Corona power for #6 stranded wire dry, horizontal, at three frequencies.

 

 been plotted in terms of power density in Figure 7-22, along with the appropriate 

  

These data have
curve fit. For the data shown the value of K3 decreased with increasing frequency. 
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D
d wire 

(#18, #8, and #6) in the horizontal test cell, spray wet at 28 kHz. The data is well fit with our 
equation by using values of K3 equal to 1.23, 0.95, and 0.95 respectively. Some dependence on 

ameter and frequency was expected because of the critical frequency

A  onset surface field with wire diameter was not 
observed, in ightly greater field level than the smaller #8 
wir the reason for both the low onset voltage and low 
val could obscure the effect of frequency for this data set. 

Figure 7-22.  Corona power density for #6 stranded wire horizontal, dry, at 
three frequencies. 

iameter Comparison  
Corona power versus surface electric field is plotted in Figure 7-23 for three sizes of strande

di  effect described in Chapter 6. 

gain for this data set the expected decrease of
that the #6 wire went into corona at a sl

e. This indicates that surface roughness is likely 
ue of Kl for the #8 sample, which 
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Wet and Dry Comparison 
Measured corona power data for a 1.01-inch stranded horizontal cable with dry conditions at 27.8 

kHz is shown in Figure 7-24. The data for same wire with wet conditions is shown in Figure 7-25, 
along with the curve fitted to the dry data (K3 = 1.70). The onset level for wet conditions (9.8 kV/cm) 
is less than for dry conditions (13.6 kV/cm) as expected. The curve for wet corona power starts at a 
lower gradient and increases at a slower rate than the curve for dry conditions. Eventually, 
somewhere above the dry onset level, the wet curve merges with the dry curve. This is consistent 
with our observation that as the voltage increases the wet corona phenomena eventually become very 
similar to those for dry conditions, corresponding to the region where the curves merge. 

Figures 7-26 and 7-27 are for the other two frequencies and show both the wet data and fitted 
curves for both the wet and dry data. Note that the value of K3 for wet conditions is considerably less 
than it is for dry conditions. These figures also contain an average curve developed by using the 
average of the wet and dry onset and K3 values in the equation. It can be seen from the figures that 
the empirical equation fits the wet data in the region above onset but not over the entire voltage 
range. A reasonable fit for wet conditions is obtained by a piecewise continuous approximation 
consisting of three sections. The sections are: (1) the wet curve, (2) the average curve, and (3) the dry 
curve. As voltage increases wet corona power is given first by the wet curve up until it intersects the 
intermediate curve. Above that point it is given by the intermediate curve until that intersects the dry 

 

Figure 7-23.  Corona power versus electric field for three wire sizes at 28 kHz. 
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curve. Above that point wet corona power is essentially the same as for dry conditions and is given 
by the dry curve. As seen in the figures the piecewise linear function is a good approximation for wet 
corona power but can be above or below the actual value. 

Corona Power Versus Gradient
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Figure 7-24.  Corona power for 1.01-inch stranded Aluminum cable, dry at 27.6 kHz. 
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Figure 7-25.  Corona power for 1.01-inch stranded Aluminum cable, wet at 27.6 kHz. 
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Corona Power Versus Gradient
1.01" Cable, Wet, 48 kHz
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Figure 7-26.  Corona power for 1.01-inch stranded aluminum cable at 48 kHz. 
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Figure 7-27. Corona power for 1.01-inch stranded aluminum cable at 15.6 kHz. 
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For each case with wet conditions there is a small amount of corona power that starts at a much 
lower level, not easily seen with the scales chosen for the plots. This corresponds to corona on th
drops a

e 
nd streamers (moving mini-flares). Thus for wet conditions there are essentially three major 

re

e is more uncertainty in the effective length of the sample at 
lo

tween the data for the #8 wire and that for the 1-inch 
st

arger. For the case shown in Figure 7-28, K3 is only slightly less than for wet conditions. 
Another difference is that the value of K3 for the #8 wire with dry conditions is considerably less than 

. This suggests that the value of K3 for dry conditions decreases with 
di  wire. 

een 
ether 

gions of corona: (1) corona on drops and moving mini-flares, (2) wet corona, primarily the 
stationary purple mini-flares, and (3) corona similar to dry conditions, primarily flares. A curve has 
been fit to the corona power on the drops in Figure 7-26 at 48 kHz. The value of K3 is very small for 
this phenomenon. As previously discussed we have chosen to ignore the corona on drops since it 
causes no harm. Also this low-level data is less accurate because the corona power is derived as the 
difference of two large numbers and ther

w levels. 

Corona power data for both dry and spray-wet conditions are shown in Figure 7-28 for the #8 
stranded horizontal wire. The curves are similar to that for the larger wire in that wet corona power 
starts at a lower gradient, increases less rapidly than for dry conditions and eventually merges with 
the curve for dry conditions. Note this data also shows low level power corresponding to corona on 
drops but this is not easily seen with the scale chosen. 

There are some notable differences be
randed cable. First note that for smaller diameter wires the wet and dry corona onset levels are 

nearer to each other (see Figure 6-24). For #8 wires the wet onset level is approaching the dry onset 
level. It appears that as the two onset levels become closer the value of K3 for wet conditions 
becomes l

that for the 1-inch cable
ameter. Conversely, for wet conditions, the value of K3 is considerably greater for the smaller

This suggests that the value of K3 for wet conditions is a strong function of the difference betw
the wet and dry onset levels. For smaller wires the wet and dry onset levels become closer tog
and it appears that the corresponding values of K3 do the same. 
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Figure 7-28.  Corona power for #8 stranded wire horizontal, wet and dry. 
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The Effect of Wind 
The data for the 1-inch stranded cable was taken with a gusty wind of 15 to 20 miles per hour. 

Wind increases the onset voltage by blowing away the space charge from around the conductor. This
affect is variable due to the nature of the wind and the flow around the cable. The result is illustrated 
in Figure 7-29 below, which is the dry corona power data for 48 kHz. In this figure the groups of d
points correspond to a fixed transmitter power level with 1-dB increments. The figure shows that at a
fixed transmitter power level the corona power varied in a regular way so as to move downward as 
the voltage moved upward. The reduction in power corresponds to the wind variably increasing the 
onset gradient, which decreases the corona power. The result is a family of co

 

ata 
 

rona power curves with 
different onset gradients. Two of these are shown in the figure both having K3 = 1.25. From the 
figure it is seen that some of the time the wind increased the onset gradient from 9.6 kV/cm up to 
almost 13 kV/cm.  The change in onset gradient is attributed to the wind blowing away the initial 
charge buildup and also to changing atmospheric density around the wire due to the wind variation. 
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Figure 7-29.  Corona power for 1.01-inch stranded aluminum cable, dry at 48 kHz.  

Discus
The m

Note th e 1.0. It is 
important to understand that K3 is not exactly determined. Rather it is obtained by curve fitting 
without a strict criterion for the best fit. Nevertheless, based on the data presented above, it is clear 
that VLF and LF corona power follows the form of the empirical equation (and the modified Ryan 
and Henline equations). These equations include the parameter K3 (K1) and the equivalent onset or 
extinction gradient (voltage). The factor K1 includes both the proportion of the surface in corona and 
any phase shift in the displacement current. At 60 Hz, the Ryan and Henline data indicate this factor 

sion of the K3 Factor 
easured data have been processed to obtain the values of K3 as shown in Table 7-3 below. 

at all the values of K3 lie between 0 and 2, with most of them somewhat abov
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is 1.0, but our data show that at VLF/LF it is much smaller, being approximately 0.25 and never 
greater than 0.5. This indicates that K1 and hence K3 is a function of frequency over the range from 
60 Hz to VLF/LF. 

The frequency variation of corona power between 60 Hz and VLF/LF is probably related to the 
critical frequency effect (Chapter 6). Below the critical frequency, the wire is nearly uniformly 
covered with a thin plasma sheath. Above the critical frequency, corona starts with small flares that 
extend farther away from the wire than the plasma sheath but which are spaced out along the wire. 
Thus, above the critical frequency less of the wire surface is actively involved in corona. This is 
because the flares shield a portion of the wire close to themselves, reducing the field in that area. 

For dry conditions, the critical frequency is a function of wire diameter being lower for larger 
diameter wires. Thus for dry conditions, K1 might be expected to increase with decreasing frequency 
for fixed wire diameter. Similarly, for fixed frequency, K1 might be expected to increase with 
decreasing wire diameter. There is no data on critical frequency effects for wet conditions. 

Unlike K1, it is difficult to give a direct physical meaning to K3 because it originates as a factor in 
an empirical equation. However, since it is linearly related to K1, it includes the variation with the 
percent of active area, although weighted by the conversion factors of Equations 7-13 and 7-14. Thus 
K3 will have the same frequency variation as K1. The expected frequency effect would tend to give a 
larger value for K3 for lower frequency and/or smaller diameter. The individual data set for #6 wires 
as shown in Figure 7-22 has the opposite variation, for which we have no explanation. However, one 
way of looking at the data overall is to examine the average values of K3 as a function of frequency. 
Table 7-3 contains a row with the average of K3 over diameter at each frequency. The averages are 
nearly the same for each frequency, which is evidence for little or no frequency variation of K3 over 
the VLF/LF band. 

The values of K3 observed for dry conditions have been plotted versus diameter in Figure 7-30. 
The horizontal data shown exhibit some scatter with points falling between 1.0 and 1.5. For dry 
conditions they show that K3 is larger for larger diameter cables, approximately 1.5 for the 1-inch 
cable and reducing to just above 1.0 for the smallest diameter wires. 

Also note that for dry conditions K3 was larger for the vertical case than the horizontal case. There 
are two possible explanations for this effect. First, the field is uniform around the wire in the vertical 
case. The horizontal test setup was fairly close to the ground, and the field around the wire is slightly 
less uniform than for a wire much higher above ground. Thus, the percentage of active area is 
somewhat reduc o eld on the 
wires indicates this factor is small at the height of our horizontal test cell (10 feet) and probably not 
the 

ed for h rizontal wires close to ground. However, calculation of the fi

reason for this effect. 
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Table 7-3.  K3 data. 

Freq kHz 17.9 27.8 48.7 17.9 27.8 48.7 

Horizontal Wet Horizontal Dry Wire 
D F3 ia F1 F2 F3 F1 F2 

1.01" std 0.33 0.40 0.60 1.25 1.70 1.25 

1" sm 0.27 0.36 0.45 X 1.48 1.48 

#6 std 1.07 0.96 0.99 1.53 1.30 0.99 

#8 std 1.10 0.94 1.08 1.18 0.98 1.06 

#10 std 1.00 0.92 1.19 1.17 1.04 1.17 

#18 std 1.05 1.23 1.14 1.23 1.09 1.14 

Avg 0.80 0.80 0.91 1.27 1.27 1.18 

 

Freq kHz  29.4 57.4  29.4 57.4 

 Vertical Wet Vertical Dry 

 F1 F2 F3 F1 F2 F3 

3/8" sm - - - - 1.45 1.02 

#8 sm - - 1.13 - 1.96 1.65 

#8 std - 0.98 1.08 - 1.39 1.39 

#18 sm - -  - - 1.81 1.81 

Avg - 0.98 1.11 - 1.65 1.47 

X - anomalous data. 

 

The second possible explanation has to do with the residual ionization in the indoor cylindrical 
vertical test cell. Residual ionization increases the displacement current, which would significantly 
increase the power, especially at levels above onset. The residual ionization would be greater for dry 
conditions because for spray-wet conditions the water and the air movement resulting from the spray 
significantly reduces residual ionization. This would explain why K3 for wet conditions was 
essentially the same for the vertical and horizontal measurements, discussed below. For these 
reasons, the residual ionization is considered the most likely explanation for the larger values of K3 
observed for vertical dry conditions. Under normal outside conditions on an antenna, residual 
ionization cannot build up as much as it did in the indoor vertical cage; thus, the value of K3 expected 
in practice would be closer to the values observed for the horizontal case. For this reason the vertical 
dry data have been ignored in the development of the recommended values for K3. 
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The values of 3
small wet wires the value of K3 is onl ss t
result al and horizontal orientation were essentially the same. The biggest difference is that 
the value of K3 for large wi ess  smaller wires. Thus 
for w s the di pe  is -
inch diameter wires K3 for wet conditions is 0.4 incr

The percentage of active surface area will be redu d. 
This is true for both wet and dry conditions. The reas a 
first, which results in less active surface area. As the voltage increases, more of the area goes into 
coron h 
surfac e onset. 
As th nd K3 increases, eventually becoming 
qual to the normal value. This effect is expected to be greater for smooth than for stranded 

co

Figure 7-30.  K  ver  wire diameter, dry. 

K  obtained for wet conditions have been plotted versus diameter in Figure 7-31. For 
han it is for dry conditions. Also note that the y slightly le

s for vertic
diameter res is much l  than for dry conditions or

et condition ameter de ndence of K3 the opposite from that for dry conditions. For 1
easing to around 1.1 for smaller wires. 

ced at onset if the surface is rough or damage
on is that only the rough areas go into coron

a, until eventually the active area becomes the same as for the undamaged case. Thus, for roug
e condition the onset level is lowered and K3 will be reduced at and immediately abov

e voltage increases more of the surface goes into corona a
e

nductors. Also note that at the voltages well above onset K3 will increase corresponding to the 
formation of large flares. 
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Figure 7-31.  K3 versus wire diameter, wet. 

CORONA POWER 
The empirical equation, 7-12, with the value of K3 as determined above can be used to develop a 

quantitative understanding of the power dissipated by corona. Equation 7-12 can be formulated in 
terms of the relative amount the operating voltage (field) is above the onset voltage (field). When the 
relative amount (percentage factor) that the operating electric field is above the corona onset, voltage 
is given by δ, then the operating field is given by; 
  )1( δ+⋅= onEE  

  where  E is the surface electric field on the wire, 

    Eon is the surface electric field at onset and 
     δ is the relative amount the voltage is above the onset voltage.  

 

Since the electric fiel a lies to the operating 
voltage V. 

d and volt ge are directly related, the same equation app

  )1( δ+⋅= onVV  

Substituting into Equation 7-12 gives 

  

This equation shows that just above onset, when δ is small, corona power is proportional to δ. It 
also shows that corona power is proportional to the onset field squared. Onset field is a function of 
wire diameter (Figures 6-61 and 6-62), being smaller for larger diameter wires. This relationship is 

22
3 )1( dEkP oocl ⋅+⋅⋅⋅⋅⋅⋅⋅= δδεωπ  
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ap

y. 

The above equation can be rewritten using convenient units as follows: 

  

proximately inversely proportional to the square root of wire diameter. The second power of wire 
diameter is included in the equation; thus the overall variation is approximately proportional to the 
3/2 power of wire diameter. The equation also indicates corona power is directly proportional to 
frequenc

)1(
9

2 22
/3 δδπ

+⋅⋅⋅⋅⋅
⋅

⋅= ⋅ cmkVonkHzcm Efak
 (7-18) 

This equation has been used to calculate the corona power per  infinite 
wire above and paral nd at 0 lta  with dry 
and wet conditions at frequencies of 60 Hz, 30 kHz, and 60 kHz. The results are plotted in Figure 7-
32 s a e 7-33 wir

clP

unit length dissipated on an
ge for both smooth and stranded wireslel to grou .65% over-vo

 for smooth wire nd Figur for stranded es. 
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Figure 7-32.  Calculated corona power density for smooth wires (0.65% over-voltage). 

The 60-Hz values of Eon and Von used to develop the plots were based on Equation 6-4 (Schuman�
data). For stranded dry data at 60 Hz, a surface roughness factor of 0.7 was assumed. For 60 Hz a 
value of K

s 

were plotted for wet condi

of 

3 equal to 2.0 was used to account for the greater active surface area at 60 Hz. No data 
tions at 60 Hz because we do not have a formula for Eon for that case. 

The VLF values for Eon used to develop the corona power for these figures were based on the 
equations in Table 6-2A. Since the variation of K3 with diameter is not known for intermediate 
diameters, we have chosen to use K3 = 1.0 for both the dry and wet VLF/LF data in these plots. The 
results taken from the chart should be adjusted accordingly. For example, the curve is accurate for 
small wet wires but for wet wires around 1-inch diameter the power should be reduced by a factor 
0.4. Similarly for dry wires the curves are accurate for small wires but for wires with diameter around 
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1-inch they should be increased by a factor of 1.5. The results shown in the figure apply to a long 
wire well above the ground, assuming the voltage is uniform along the wire. The results do not apply 
to the regions near the wire ends as the charge buildup there increases the field. 
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Figure 7-33.  Calculated corona power density for stranded wires (0.65% over-voltage). 

The value of 0.65% over-voltage was selected because it reproduces the corona power density at 
onset for the 1.01-inch two-wire cage  7-12, the 
initial corona power at on a o tts/m for the 4-meter 
equivalent length test sample. Figure 7-33 indicates that the calculated corona power density with 
0.65% over-voltage for a dry stranded 1-inch cable is 44.1 watts/m. 

Simil r er at 
onset was 110 watts, corresponding to a corona powe
po

e 
00 times more 

s with wire diameter. As an example, a smooth 
tes 322 watts/m at onset.  

 

at 29.0 kHz with a single wire in corona. In Figure
set was b ut 175 watts for the dry case or 43.8 wa

arly, Figu e 7-14 shows that at the same frequency with wet conditions the corona pow
r density of 27.5 watts/m. The calculated corona 

wer density for that case with a 0.65% over-voltage is 27.0 watts/m (from Figure 7-33). 

Thus, at onset the initial corona power at 29 kHz corresponds to that calculated using a 0.65% 
over-voltage, which amounts to using an Eone (E onset equivalent) that is reduced by 0.65% from Eon. 
Thus, Figures 7-29 and 7-30 give the estimated corona power density at onset. 

These figures make it clear that there is considerable power dissipated in corona at VLF/LF. Sinc
corona power is proportional to frequency the corona power at 60 kHz is about 1,0
than at 60 Hz. Also, note that corona power increase
dry 1-inch (2.54 cm) diameter wire at 60 kHz dissipa

The dependence of corona power at levels above onset is shown in Figure 7-34. In this figure, 
corona power normalized to the value at onset (0.65% over-voltage) is plotted versus percentage 
over-voltage. For the range plotted (up to 20%), corona power is proportional to over-voltage to a 
power slightly greater than 1.0. At 20% over-voltage, the corona power is 36.7 times that at onset. As
the percentage over-voltage becomes greater, the rate of increase becoming asymptotic to over-
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voltage squared. For example, when the voltage is 1.5 times the onset voltage (50% over-voltage) the 
corona power is 115 times that at onset (not shown on the figure). For the case of a 1-inch dry 
conductor at 60 kHz, that would equal 15.9 kW per meter.  
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Figure 7-34.  Corona power as a function of percentage over-voltage. 

CONCLUSIONS 
One conclusion from these studies is that large amounts of power are consumed in VLF and LF 

corona when the voltage is much above the corona onset level. As an example, a 1.01-inch stranded 
cable operating at 27 kHz with spray-wet conditions has a calculated corona power of 454 watts per 
meter when the voltage is 10% above onset. VLF/LF antennas are constructed from extensive lengths 
of conductors operated at high voltage. Operation in corona would dissipate extensive amounts of 
power and should be avoided on VLF/LF antennas. For example, the Navy�s Jim Creek VLF antenna 
consists of 10 spans that run across a valley between two mountains. There are several miles of 
conductor in the antenna, and if even a small percentage of the conductor was in corona, it could 
easily dissipate the entire amount of power available from the transmitter. Tests at Jim Creek where 
the antenna was operated in corona confirmed this, in that as transmitter power was increased above 
the corona formation point almost all the increased power went into the corona. 

A second conclusion is that the empirical equation, 7-12 (or the equivalent 7-18), can be used to 
estimate the amount of power dissipated by corona at VLF/LF. This equation for power is based on 
the simple concept of multiplying the displacement current times the voltage drop across the resistive 
corona sheath around the wire. It includes an empirically determined constant K3 his equation has a 
couple of advantages over the 60-Hz formulation of Ryan and Henline. First of all it is entirely in 
terms of the surface e d alysis. Secondly it 
do

. T

lectric fiel , which facilitates its use for VLF/LF antenna an
es not have explicit height dependence and is therefore consistent with the theory of breakdown 

presented in Chapter 2. 
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In application the onset gradient Eon is replaced by the equivalent onset gradient, Eone, determined 
as 0.65% below the onset gradient as given in Chapter 6 (Figures 6-22-25 or the formulas in Table 6
2). Multiplying the equation by a unit step function of the actual onset gradient U(E

-

eters is assumed. 

For wet conditions, the same equation for corona power is used but with different values of onset 
gradient, Eon, and K3 in three regions to make a piecewise continuous function. In the first region, just 
above onset, the onset gradients are taken from Chapter 6 but reduced by 0.65% and the value of K3 
is for wet conditions (Figure 7-31). 

the 

s 

on) duplicates the 
threshold effect for corona power. The values of K3 to be used depend upon wire diameter and wet or 
dry conditions as described below. 

For dry conditions, the recommended value of K3 is 1.5 for 1-inch diameter cable and it reduces to 
1.2 for small diameter cables (#6, #8, #18) (see Figure 7-30 horizontal data). We have no data for 
intermediate diameters and linear variation between these diam

For wet conditions, the recommended value of K3 is 0.4 for 1-inch diameter cable and it increases 
to 1.1 for small diameter cables (see figure 7-31).  Again, we have no data for intermediate diameters 
and linear variation between these diameters is assumed. 

In the second region, the values used in the equation are average of the wet and dry values for Eon 
and K3. The first region ends and the second region begins when the corona powers for the wet and 
average equations are equal. 

In the third region, the values used in the equation are the dry values for Eon and K3. Similarly 
second region ends and the third region begins when the corona powers for the average and dry 
equations are equal. 

The corona power equations, 7-12 and 7-18, which are equivalent, are repeated below. The value
to be used for Eon and K3 are summarized in Table 7-4.  MKS units are used in Equation 7-12. 

 

  2
3 )( dEEEKP onaaocl ⋅−⋅⋅⋅⋅⋅= εωπ  (7-12) 

Where Pcl is the corona power per unit length, 

  K3 is a factor taken from the table below, 

  ω is the radian frequency, 

  ε0 is the permittivity of free space, 

  Ea is the field on the surface of the conductor, 

  Eon is the critical field on the surface of the conductor for corona onset, and 

  d is the diameter of the conductor. 

 

  
)1(

9
2 22

3 / δδπ
+⋅⋅⋅⋅⋅

⋅
⋅= kHzcmcl fakP ⋅ cmkVonE

 (7-18) 
ower in watts per meter, 

  K3 is a factor taken from the table below, 

Where Pcl is the corona p
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  acm is the conductor radius in cm, 

fkHz is the frequency in kHz, and  

 the parameters specified below. 
For wet conditions the use the same equations but make a piecewise continuous function in three regions 

cified below. 

δ is the ratio of the surface field to the onset surface field. 

 

Table 7-4.  Parameters for Corona Power Equations 7-12 and 7-18. 

For dry conditions use the equations with

with different parameters in each region as spe

Condition Eon is a function of diameter taken from 
Figures 6-22-25 or the formulas in Table 6-2 

modified as specified below. 

K3 (from formula) 

a = radius in cm 
formulas valid for 0 < a < 2.5 cm 

Dry Eon dry *(1-.0065) K3 = 1.15*a + 0.185 

Wet region 1 Eon wet *(1-.0065) K3 = 1.18*a - 0.314 

Wet region 2 Average of Eon dry & Eon wet K3 = 1.165*a - 0.065 

Wet region 3 Eon dry K3 = 1.15*a + 0.185 

 

Note that the empirical data do not show any definitive frequency variation of K3 with frequenc
over the VLF/LF range. They also do not indicate any significant difference in K

y 
 

ere was considerable scatter in the observed values of K3, which 
might obscure small variations. Both the value of Eon and K3 depend on surface condition of the 

cal equation with K3 as given above is useful for purposes of engineering design 

3 for smooth or
stranded conductors. However, th

sample. The empiri
at VLF/LF, but to get exact results for a particular situation the true values for K3 and Eon must be 
determined. 
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C

LF/LF high-voltage hardware. 

s 
 

F/LF. The parallel-
plate test with wet conditions revealed some unusua ena that we believe were previ-
ously unknown. Some of these phenomena in modi ed form occur for wet conditions on other 
shapes such as with rings, rods, and spheres. For these configurations, the phenomena are always 
transitory but he parallel-
plate tests. 

Corona rings (toroids) are often used in high-voltage applications. As such, they are positioned at 
various angles with respect to other objects and to ground. In particular, they are often positioned 
with the plane of the ring either parallel to ground or perpendicular to ground. There is little quanti-
tative information in the literature on the breakdown of corona rings at 60 Hz, especially for wet 
conditions, and none at VLF/LF. For this reason, a series of breakdown measurements at VLF were 
undertaken using both vertical and horizontal corona rings. 

Rods with hemispherical end caps and spheres are often used as protective devices (spark gaps) in 
high-voltage designs. Kotter (1983) gives some breakdown data for rod gaps at VLF and concludes 
that the breakdown voltages are essentially the same for dry and wet conditions. With this exception, 
there is little information about breakdown of these devices for wet conditions at VLF. Hence, a 
series of breakdown measurements were taken using rods with hemispherical end caps.  

During 1987, an extensive set of measurements was undertaken at Forestport to determine the 
flashover, or flare voltage, for a set of linear tubular insulators of different lengths with different size 
corona rings (Dann, 1987). The corona rings were mounted from the ends of the insulators such that 
the planes of the rings were parallel. The position of the rings along the insulators axis was adjust-
able. For eac
de

As a part of one of the earliest design projects undertaken at the HVTF, these data were processed 
to determ the surface electric field on the corona rings at brea he processed data indicated 
that l t (surface field) on the ring at b s nearly independent of ring 
height. This critical field was plotted versus the minor diameter of the corona ring (Dann & Hansen, 
1990). T  plot r ale hip similar to the well-known curve for the corona 
onset c l fie  c

The resulting curve w n the corona rings 
are orie  par o ss of designing a 
horizo eed- gh the 

HAPTER 8  PARALLEL PLATES, RINGS, RODS AND SPHERES 

INTRODUCTION 
This chapter presents the results of measurements of the breakdown level for both wet and dry 

conditions using parallel plates, toroids (rings), vertical rods with hemispherical end caps, and one 
case of a sphere. These configurations are embodied in some way in most high-voltage apparatus. 
The objective of the measurements was to provide empirical data for design curves that can be used 
to design V

The test configurations were chosen because they are simple representations of typical component
of high-voltage hardware. For example, the optimum design for a Base Insulator Assembly (BIA) is a
uniform field in the center region of the insulator. The parallel-plate experiment determined the 
breakdown level for a uniform field in air for both dry and wet conditions at VL

l visual phenom
fi

identifiable because they had been observed in a more stable form during t

h insulator, measurements were taken with the corona rings set in various positions to 
termine the optimum location of the corona rings. 

ine 
the critica

kdown. T
reakdown wa gradien

he eve d there was a relations
ritica ld on ylinders (Chapter 6). 

as used successfully for insulator design and applies whe
nted allel t each other or to ground. However, later as part of the proce

ntal f throu  bushing, we discovered that for wet conditions this curve overestimates 
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breakdown voltages for e ring perpendicular to the ground. This led 
to a series of tes sig ona 
rings. 

During 1995, a speci rings of different sizes to 
develo re a e sign data for high-voltage applications at VLF/LF. This series of 
measurem
the grou (verti  rin t of measurements was taken for vertical rods with 
hemisp al e ps

This chapter documents t
vertical rods with hemi  and vertical and hori-
zontal rings. For h c  breakdown voltage were taken at 
several ghts. e m  processed to determine the surface field at breakdown 
using the comp ch n Chapter 4. The results have been analyzed, and design 
curves rese tical discussion of the measurements. Unlike the results given 
in Chapter 6 for wires pipes and cables, there are few similar results for rings at power system 
frequencies in the literatu

This chapter also includes the results of measurements of the breakdown of parallel plates with and 
without an insulator prese
VLF/

PARALLEL PLATES 
For m y types of insulators, including BIAs, the optimum design results in a uniform field 

between the hig ta classic parallel-plate 
geome ed tin tion to VLF/LF 
antennas, the m p y-wet conditions, corresponding to 
wind-driven rai re gth of 
air under these conditio t of 
tests was undertaken us gain 
in March 1995 after a c ement procedure was corrected. 

Three types of tests were performed for parallel-plate configurations. The objective of the first type 
of test was to determine ping water on the breakdown voltage when an insulator was 
in place. For this test, a single post insulator was set in the center of the parallel plate setup, and the 
underside of the la d in the 
insulator being wet and  from 
drops falling from the top plate.  

The objective of the second test was to determine the effect of the dripping water without the pres-
ence of  insula . T  that the center post insulator was 
remov

The purpose th
down strength and (2) to measure the breakdown strength of air at VLF in the presence of dripping 

er for wet conditions usually occurs where water 

 rings oriented with the plane of th
ts de ned to more accurately quantify the high-voltage performance of cor

al series of measurements were taken using corona 
p mo ccurat empirical de

ents used both rings with the
nd 

 plane of the ring parallel to the ground and perpendicular to 
g). At the same time, a secal

heric nd ca  and one sphere. 

he breakdown measurements taken at Forestport using parallel plates, 
spherical end caps and a sphere at the end of the rod,

eac onfiguration, a series of measurements of
hei Thes

uter te
easurements were

niques discussed i
 are p nted with some theore

re. 

nt and also the minimum current required to sustain an arc across a gap at 
LF. 

an
h-vol
for tes

ge electrode and ground. This corresponds to the 
g breakdown strength of gases. However, for applicatry us

ost im ortant breakdown strength involves spra
n. The  is little information in the literature quantifying the breakdown stren

ns. In an attempt to determine this important parameter at VLF/LF, a se
ing a parallel-plate setup. Tests were done in August 1984 and repeated a
alibration error in the high-voltage measur

 the effect of drip

 top p te was sprayed from beneath with a fine stream of water. This resulte
 the air between the plates being filled with drops from the spray and

the tor he test configuration was the same except
ed. 

of the ird test was twofold: (1) to explore the effect of water streamers on break-

water. High-voltage testing had shown that flashov
flowing off the object forms streams (streamers). In order to investigate the effect of streamers and 
drops, the parallel plate configuration was modified to allow a single fine stream of water to pass 
through the center of the high-voltage plate to a grounded plate below. 
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Test Configuration 1: Parallel Plates with Insulator 
This test was only performed once in 1984 and was designed to measure the surface-gradient limit 

n a petticoated insulator. The test configuration is illustrated in Figure 8-1 and pictured in Figure 8-
2. These t ircular 
top plate. The insulator was not an opt
sharp t r the on (see  Also, 
the petticoats were small and the insul e center. A wa e was used to 
spray the insulator and the underside of the top plate. The nozzle was arranged so that the water did 
not wet the 2-inch minor diameter corona ring that bounded the upper plate. 

The results of the tests are somewhat surprising in t at it appears that for both dry y-wet 
evel is not limited by t lator. Although the insulator itself was not the 

est, the configuration was optimal for test purposes in the sense that the parallel plates resulted in a 
ne

th f the 

 drops as they leave the upper plate, generally bluish or purple. They form about 
o 

ther slightly. 

sh spot of corona grows to form a series of vertical bluish purple lines on the area of 
the upper threads. This corona appears to heat the insulator only slightly and was deemed 

ental to the insulator. Also, this corona would not occur at this level on an insula-
o threads. 

o
ests were performed with a single 7-inch long insulator placed in the center of the c

imum design in that the ends were unglazed and there were 
hreads in the porcelain nea ends of the unglazed regi

ator had a hole through th
 blowup in Figure 8-1).

ter nozzl

h
he insu

 and spra
conditions the flashover l
b

arly uniform field. Also, the use of the flat-plate flush against the insulator end eliminates the field 
concentration caused by an endcap. This is especially critical at the triple interface point where por-
celain, air, and conductor meet. 

Even though the flashover level did not appear to be limited by the presence of the insulator, 
another phenomenon was observed, involving the insulator that did limit the operating voltage for 
spray-wet conditions. This consisted of a hot orange-yellow flame, or arc, on the insulator surface 

at appeared when the voltage approached flashover voltage. The flame started in the region o
sharp threads and extended to the petticoated region. The fact that the flame started in the area of the 
sharp threads indicates that the level at which it starts involves the details of insulator shape. 

The phenomena observed during the parallel plate with insulator test are listed below in order of 
occurrence with increasing voltage: 

1. Flickers of light on drops just as they fall from the upper plate, just barely visible as dim 
white flashes to the dark-adapted eye. These are easier to see with binoculars. 

2. Flashes from
½ inch below the upper plate. It appears as if the drips have several tails (3 or 4) going int
corona and repelling each o

3. Bluish spot of corona appear in the area of upper threads of insulator. This is probably 
because of the field enhancement due to the very fine threads that have sharp points. 

4. The blui

non-detrim
tor with n

5. Purple streaks on the drops falling from the upper plate not particularly near to the insulator 
body, similar to the flashes but longer. They appear to be a continuous but slightly jagged 
line that extends downward. The length of these purple streaks varies somewhat when the 
voltage is fixed, but their average length increases as the voltage increases. 
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Figure 8-1.  Drawing of parallel-plate test setup with single insulator. 

6. Surface flame or arc forming on the insulator body. An orange-yellow flame forms between 
the blue glow on the upper threads and the top of the petticoats. This flame has the 
appearance of an arc. It is stable and it actually flows across the space between the tips of the 
petticoats. This phenomenon is unacceptable for operation because the arc is very hot, and 
any contact with the insulator would lead to localized heating that will crack or even melt or 
burn the insulator. The orange-yellow flame on the surface of an insulator cannot be allowed 
for VLF/LF insulator designs because it will eventually destroy the insulator. However, the 
level at which this phenomenon occurs is a function of the insulator shape.  The level will be 
higher for insulators used in operational VLF/LF installations since they do not have threads 
and the petticoats are much wider and larger in extent. 

7. Flashover. The location of the flashover varied between the flame on the insulator surface 
and flares on falling drops not necessarily near the insulator body. The flashovers were split 
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approximately evenly between these two processes, indicating that the flashover limit for the 
wet insulator was essentially the same as for the gap alone in the presence of falling water 
drops. 

 

Figure 8-2.  Picture of parallel plate setup with single insulator. 

Table 8-1 summarizes the observed voltage levels corresponding to these phenomena. 
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Table 8-1.  Test 1, Parallel plates insulator in place 7-inch separation (voltages in rms). 

A. Dry, f = 28.933 kHz, all numbers are the average of five readings. 
Corona Inception 
Corona 
Extinction 
Flashover 

90.3 kV~ 
87.9 kV 
113 kV* 

5.08 kV/cm 
4.94 kV/cm 
6.36 kV/cm 

 

~ Corona formed between threads in the middle of the lower threaded section.* Flashovers were 
between plates away from insulator. There was one possible flashover inside the insulator, but 
this could not be verified and was not recorded. 

B. Wet 
Corona Inception 14.34 kV 0.807 kV/cm Falling water drops just after they start 

Corona 
Extinction 

14.3 kV 0.804 kV/cm  

 17 kV 0.956 kV/cm Occasional falling drops. Drops go into corona 
for first 1/3 of way down. 

 30 kV 1.69 kV/cm Frequent falling drops in corona from plates and 
insulator petticoats. 

 45 kV 2.53 kV/cm 3-inch streamers form associated with drops 
falling from upper plate. 

Corona inception 
on insulator body 

49 kV 2.76 kV/cm Purple vertical lines crossing upper threaded 
section. 

Corona 
extinction 

30 kV 1.69 kV/cm Vertical lines disappeared, single spot remains. 

 26.5 kV 1.49 kV/cm Single spot extinguished. 

Flashover 51 kV ** 2.87 kV/cm First on streamers associated with water drops 
falling from plate, then from an orange streamer 
on the surface of insulator bridging petticoat 
gap  for a while 
then

is level about equally distrib  drops and insulator. Further 
attempts at flashover testing were aborted because the insulator became wet inside and 

s stopping at bottom petticoat, 
 flashing. 

uted between** Flashover 10 times at th

afterwards flashed inside at a much lower level. 
 

Note that while attempting to take a series of flashover readings to average, the insulator flashed 
over inside. The test setup was disassembled and water was discovered within the insulator. The 
insulator was warm to touch, but not hot. This was attributed to either heating of the water, the 

rface flame, or the internal flashover.  

pray from Beneath 
 except the insulator was 

re

su

Test Configuration 2: Parallel Plates with S
This test configuration (Figure 8-3) had the same geometry as test 1
moved. The object of the test was to determine the limit of high-voltage breakdown at VLF for air 

under spray-wet conditions. This test was also only performed in 1984. 
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The following phenomena were observed with increasing voltage: 

1. Flickers on falling drops just as they separated from the upper plate, just barely visible as 
white light to the dark-adapted eye. This corresponds to sparklers as defined in Chapter 6. 

2. Flashes from drops as they leave the upper plate, generally bluish or purple, forming 1/2 inch 
or so below the upper plate. Sometimes it appears as if the drops have several tails (3 or 4) 
going into corona and repelling each other slightly. These correspond to the intermittent pur-
ple streaks described in Chapter 6. 

3. Longer purple streaks forming on the drops falling from the upper plate. They start similar to 
the flashes, slightly below the plate, and extend downward a distance that grows with 
increasing voltage. 

4. As the voltage increases, the purple streaks eventually reach the ground resulting in 
flashover. 

 

Figure 8-3.  Parallel plate test setup without insulator. 

Figure 8-4 is a picture showing many purple streaks and a single flashover. The nozzle and water 
spray can be seen near the bottom of the picture, lighted by illumination from the flashover.  
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Figure 8-4.  Parallel plate setup with spray nozzle showing blue streaks and flashover. 

The test results are summarized in Table 8-2. The flashover voltage for these conditions was 
essentially the same as with the insulator present. This is somewhat surprising in that it appears that 
the surface gradient on the insulator is not the limiting parameter for flashover under spray-wet con-
ditions. 
 

Table 8-2.  Test 1, Parallel plates, no insulator, spray from beneath 7-inch separation 
(voltages in rms). 

Wet, f = 28.9 kHz 

Corona 
Inception 

14.4 kV 0.810 kV/cm Falling water drops just after they start 

Purple Streaks 23.5 kV 1.33 kV/cm Occasional purple streaks 1-inch long, 
starting 1-inch below the top plate. 

 28 kV 1.57 kV/cm Occasional purple streaks 2 inches long. 

 29 kV 1.63 kV/cm Occasional purple streaks 4 inches long. 

 36 kV 2.25 kV/cm One or more 4-inch purple streak at all 
times. 

Flashes on 
bottom 

40 kV 2.25 kV/cm Little pinpoints of light from the splashes of 
water on the bottom plate. 

Corona on spray 45 kV 2.53 kV/cm Water spray in corona at the nozzle. 

 46 kV 2.59 kV/cm Flashover to nozzle (moved nozzle). 

Purple streaks >46 kV > 2.59 kV/cm Longest purple streaks go almost all the 
way to ground, encased in a glow about 1-
inch diameter. 

Flashover 51.4 kV 2.89 kV/cm Average of 5 flashovers. 
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Test Configuration 3: Parallel Plates with Single Water Stream 
The purpose of this test was twofold: (1) to explore the effect of water streamers on breakdown 

strength and e su is test was 
or

 

e reservoir on top of the plate. 

With no voltage present, the water streamer appeared as follows. When the reservoir was full, a 
smooth stream of water exited the hole and seemed to be continuous from the top plate to the bottom 
plate, and it had the appearance of laminar flow from the top most of the way down. As the water 
supply depl  there appeared an identifiable transition region where the 
water stream bulent flow. A  
p e strea
below the transition point. These drops fell straight d r 
w e
e single drops

(2) to m a re the breakdown strength of air at VLF with dripping water. Th
iginally done in 1994 with parallel-plate spacing of 7 and 14 inches and later in March of 1995 

with parallel-plate spacing of 7, 14, and 21 inches. The tests were all performed for frequencies near 
29 kHz. 

For this test, the parallel-plate test setup was modified by loading the top plate with water held by
the corona ring around the edge of the plate. A fine hole (pin-hole) was punched through the center 
of the plate to let a single stream of waterfall onto the flat ground plate beneath (Figures 8-5 and 8-6). 
The water flow rate varied depending on the amount of water in th

eted, the flow rate slowed and
 changed from laminar to tur s the flow rate slowed further, the transition

oint moved up the stream. At slower rates, th m appeared to break up into individual drops 
own. As the flow rate slowed more, the streame

ould break up into drops at a point closer and clos
mpty, groups of drops and finally only 

r to the top plate. When the reservoir was nearly 
 would drip from the hole. 

 

Figure 8-5.  Parallel plate showing water stream. 
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Figure 8-6.  Parallel-plate picture of water stream showing laminar flow and breakup. 

Application of voltage changed the behavior of the water stream tending to make the water stream 
thinner and causing the laminar flow region to become longer and to occur at much lower flow rates 
than before the voltage was applied. High voltage levels gave rise to some very unusual phenomena. 
These phenomena were stable in the parallel-plate configuration and easy to observe. The observed 
phenomena, listed below, were a function of both water flow rate and voltage. The major headings in 
the list below follow the sequence from greater to lesser flow rates, corresponding to the reservoir 
emptying. Under each heading, the phenomena are listed with increasing voltage. 

Single Continuous Stream s

This flow rate corresponded to the rese ase 
llowed the applied voltage and appeared to be controllable. With no voltage, there was a smooth 

steady stream that was laminar on the upper portion, having a transition to turbulent flow in the mid-
portion. When the voltage was applied, it could be seen in lighted conditions that the stream became 
noticeably thinner and the transition region moved down. When the voltage increased enough, the 
stream appe 8-6 was 
taken with the voltage on and shows the laminar flow region ext  the 
top plate.  

 (Greate t Flow Rate) 

rvoir being full. The phenomena observed for this c
fo

ared to be laminar for the entire extent to the bottom plate. The picture in Figure 
ending down several inches from
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No corona was apparent at low voltages even in the dark. As voltage was increased, the transition 
region from laminar to turbulent flow, which appeared to be about 2 to 3 inches in length, was 
enveloped in a shroud of purple corona. This corona did not appear to affect the water stream in any 
way. It first appeared about ½ inch below the upper plate. There was no sound associated with the 
corona. As the voltage increased, it clearly had the form of a cone and looked rather like a Christmas 
tree suspended in space. The position of the surface of the cone appeared to shimmer slightly and we 
named the cone the Blue Angel. Beneath the Blue Angel, the water column broke up into fine drops 
that dispersed rather than falling straight down. The breakup of the water column can be seen in 
Figure 8-6.  

The Blue Angel is depicted in Figure 8-5 and pictured in Figure 8-7. As the voltage increased, the 
Blue Angel moved down the column. The position of the cone on the water column could be adjusted 
by controlling the voltage. However, it tended to move up the column as the flow rate decreased. 

 

Figure 8-7.  Parallel-plate test setup showing Blue Angel. 

The Blue Angel apparently forms in the region where the water flow changes from lam  to tur-
bulent. The water flow rate and the applied voltage affect the location of this region. The effect of 
voltage is due to tr some contribu-
tion from the magnetostrictive force due to the current flowing in the water column, both of which 
tend to constrict the water column. Thus application of the high voltage constricts the water column, 

inar

 the dielec ic force on the water from the electric field, with possibly 
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ca  is 

 

e 
legs of bright purple formed around the outside edge of the bottom of the cone. These purple legs 
wiggled around, giving the cone the appearance of ncing. 

Further increasing the vo tually disappearing. At 
that point, the water stream  extent between the top 
and bottom plate. For this condition, the voltage could be increased well above the level at which 
flashover occurred when the stream was not continuous or if falling drops were present. This is 
attributed to the fact that the continuous water column acts like a resistor, uniformly grading the field 
between the plates. 

For this condition, RF current flows through the water stream, heating the water as it falls. This 
was evidenced by steam that arose from the puddle formed on the grounded plate. The water starts 
being heated when it exits the hole in the top plate, and is heated continuously as it falls. The 
temperature is greatest at the bottom of the column. This temperature depends on many variables, 
including the amount of water in the column, the length of time it takes to fall to the bottom plate, the 
RF current, and the conductivity of the water. The power dissipated in the stream was estimated 
assuming a column with 1/8-inch diameter and water resistivity of 200 Ohm-meters as measured for 
the Forestport water system. At 55 kV, the 7-inch-long column dissipated 650 watts, and at 110 kV 
the 14-inch-long column dissipated 1315 watts. 

At this level, occasional drops falling from the top surface formed the purple tube of corona that 
we called purple streaks, which caused an audible hissing sound. Flashover occurred just after the 
drop hits the bottom. Flashover only occurred when a drop fell. The stream remained steady even 
when a flashover occurred.  

As the voltage is increased further, the heating increases and eventually a level is reached where 
the water in the column boils away just before it hits the bottom plate. Once this happens, there are a 
few discha oc kdown 
(flashover) a

m 

using the laminar/turbulent transition to move down the column. The laminar/turbulent transition
marked by a blue glow around the column (glow discharge), and below that the corona spreads 
slightly in a cone (Blue Angel). Close inspection with binoculars revealed that this glow and cone is 
due to tiny drops of water being shed by the stream. These drops are repulsed from the main stream 
by the electrostatic force, forming a cone. 

Occasionally, water dripped from a leak in the top plate about 3 inches away from the water 
stream. When such a drop was in flight, it appeared to repulse the stream. The Blue Angel seemed to 
disappear when the drop pushed the water stream away. The stream returned to normal once the drop
splashed on the bottom. There was audible corona associated with the drop hitting the bottom. 

The location of the glow moved down the column as the voltage increased. The voltage could be 
increased to the point where the glowing column reached the bottom plate. When this happened, littl

da

ltage caused the glow to move down further, even
 was continuous, apparently laminar for the whole

rges that cur in the bottom inch or so of the column, followed by complete brea
cross the gap, accompanied by a loud discharge. The flashover completely disrupts the 

water stream and flashovers occur continuously across the plates until the voltage is reduced or 
removed and the water stream becomes stable again. 

Intermediate Flow Rates 

At intermediate flow rates, there was a visible point within the water stream where it changed fro
laminar to turbulent flow. Farther down in the turbulent flow region, the water stream appeared to 
break up into individual drops. The application of voltage noticeably decreased the diameter of the 
water streamer and increased the length of the laminar flow region. 
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As the voltage increased, the Blue Angel formed in the transition region between the laminar and 
turbulent flow. The location where the turbulent flow breaks into individual drops was somewhat 
below the laminar/turbulent transition. As the voltage increased, the drops would appear to repel each 
other and would fall away from the stream in trajec ries that formed the somewhat conical-shaped 
region. Some distance beneath the Blue Angel, the water stream would dissipate. At lower flow rates, 
the drops f
as shown in 

s with Only Single Drops 

 

at the 
s the other phenomena described in the section above on intermediate flow 

 

 

Purple Streaks 
As the voltage is increased further, the sparklers grow in length. When they get to be about ½-inch 

long, they start to turn faintly purple. As the voltage is increased, these become longer and brighter 
purple. These are called purple streaks and only occur when a drop falls. At the level where they are 
1 to 2 inches long, the top of the purple streaks are still separated from the top plate by about one-
quarter inch. There are many purple streaks shown in Figure 8-4 (taken while using the spray 
nozzle). The bottom end of the purple streaks move toward ground at a rate that can be observed by 
the naked eye. The purple streak appears to be a tail behind the falling drops. There is a definite 
hissing or spitting noise with each falling drop. Sometimes, when the top plate has a hanging drop 
and the voltage is turned on suddenly, the drop will appear to be forced off the top plate with a 
definite �pfsst� sound as though spit off the plate. As the voltage is increased, the streaks get longer 
and longer. Careful observation revealed that the bottoms of the purple streaks have miniature, 
slightly yellowish leaders, extending beyond their ends (see Figure 6-9). 

to

orm just under the Blue Angel, and the water stream disperses in a cone of very fine drops 
Figures 8-5, 8-6, and 8-7. 

Slow Flow Rate

When the reservoir level was low, a single drop or groups of drops would fall. The rate at which
the drops fell varied from a few per second to several seconds between drops. For conditions where 
the drop rate was relatively rapid, or there were groups of drops with no voltage, the application of 
voltage changed the drops into a thin laminar stream exiting from the hole. Then after a short fall (1 
to 3 inches) the laminar stream became turbulent and broke up into drops. The length of the laminar 
flow section increased with voltage. Further increase in voltage would result in the Blue Angel 
transition region as well a
rates.

For relatively slow drip rates (approximately 1 or 2 per second), application of the voltage was 
observed to constrict hanging drops so that they got thinner and longer, but there was not enough 
water to form a stream. The phenomena observed are described below. The phenomena were 
essentially the same as observed when the parallel plates were sprayed from beneath. (See also 
Chapter 6, Figures 6-8 to 6-11). 

Drop Constriction 
With increasing voltage, the first phenomenon observed was the constriction of the hanging drops. 

Next were dim flashes of white light starting a slight distance below the top plate. The distance cor-
responds approximately to the distance the drop would fall in ½ cycle. These flashes get brighter and
move closer to the top plate with increased voltage. We termed this phenomenon �sparklers� (see 
Chapter 6.). Careful observation indicated that there were sometimes flashes on both the falling drop 
and the remainder of the drop left on the top plate.  
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Flashover 
When the voltage is further increased, the purple streaks become longer and longer approaching 

the bottom plate. At voltages near flashover, the purple streak formed by the drop falling would 
terminate in a glowing cone of partial discharge at the bottom. There is a threshold voltage below 
which the purple streaks approach the bottom plate and the cone forms, and above which flashover 
occurs with each falling drop. Flashover is accompanied by a bright flash and loud bang. When the 
voltage exceeds the threshold, flashover occurs with each falling drop but does not occur except 
when a drop falls. Each falling drop is accompanied by the bright flash and loud bang associated with 
flashover. 

Flashover from a single drop is pictured in Figure 8-8, and a time exposure for several flashovers 
is shown in Figure 8-9. In lighted conditions, it was clear that the drop stays together all the way to 
the bottom plate, with the purple streak appearing behind the drop. When the drop hits bottom, there 
immediately follows the bright white flashover and accompanying loud bang. 

 

Figure 8-8.  Parallel-plate test setup showing flashover on a single drop. 
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Figure 8-9.  Parallel-plate test setup with multiple flashovers. 

The voltage at which each of these phenomena occurred is given in Tables 8-3 and 8-4. 

Table 8-3.  Parallel-plate test with 14-inch spacing. (Excerpt from logbook 15 March 1995) 

Voltage 
kV  

Field 
kV/cm 

Description 

0 0 4-5 drops per second. 

78  2.19 in oint and tries  Turns to a stream, laminar flow, for 1 inch then comes to a p
to form a cone (purple) followed by only small drops (mist). 

90 2.53 The laminar stream is 2 inches long, then the cone is wider. 

100 2.81 The laminar flow part is now 4 inches long and the cone starts to glow an
oscil

d 
late, fine mist below the cone. 

118 3.32 The laminar stream goes down 2 inches smooth and clear. The next 2 
inches is faintly glowing blue around the outside of the stream. Below that 
the blue cone appears 1 inch long and ½ inch wide. 

140 3.94 Flashover. 

0  0 Thin continuous stream. 

93  2.62 Purple glow in the lower part of the stream, 2 inches long and 2 inches 
above ground plane. 

131 3.68 Cone leaped to the top, broke up and then flashover. 

0 0 Heavy continuous stream, turbulent flow.  

96 2.70 Stream smoother. 

107 3.01 Steam rising. 

129 3.63 Stream starts glowing. 

137 3.85 Multiple violent flashovers. 
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Table 8-4.  Parallel plate test with 21-inch spacing. (Excerpt from logbook 15 March 1995) 

Voltage 
(kV) 

Field 
kV/cm 

Description 

0 0 Laminar flow. 

170  3.19 Some flashes off rings at first, then they stopped. 

186 3.49 Steam forms at bottom of water column. 

197 3.69 Column starts to break up occasionally in the bottom inch. Then with a 
slight increase in voltage the bottom inch starts to flash over, followed by 
disruption of the stream and flashover across the entire gap. The column is 
definitely smoother when the voltage is on. 

   

0 0 Groups of drops. 

150 2.81 Goes laminar but in spurts corresponding the original groups of drops. 
Spreads out about 3 inches below the plate and then goes into a small 
cone. 

   

0  0 Approximately 4 drops per second. 

113 2.12 Laminar flow. 

>113  >2.12 Blue Angel forms on the water stream, a short distance below the top plate. 

Breakdo
A series of tests was performed to determine breakdown voltage when only single falling drops 

were present. These tests were carried out for three plate separation distances (7, 14, and 21 inches). 
For these tests, water level was set quite low so that even with the high voltage only single drops fell 
through the hole in the upper plate. These tests were done using the standard flashover measurement 
technique described in Chapter 5 and the results are given in Table 8-5. 
 

Table 8-5.  Parallel plate breakdown level when single falling drops were present. 

Plate Separation (inches) Breakdown Voltage (kV) 
Corrected to STP (25° C) 

Electric Field Strength 
(kV/cm) 

wn Strength of Air with Falling Drops 

7 53.4 3.00 

14 112.6 3.17 

21 171.0 3.21 
 

The data in Table 8-5 were generated using the parallel-plate configuration with the water adjusted 
so that only individual falling drops were present. When more water was present a column of water 
formed part way across the gap and the breakdown level was more variable, sometimes a little more 
and sometimes a little less than that given in Table 8-5. When the configuration was changed to spray 
onto the bottom of the top plate, the breakdown level was also variable, but when drops were falling 
from the top plate, the breakdown voltage was essentially the same as given in Table 8-5. 
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The data in Table 8-5 indicate a tendency for the breakdown strength to increase with plate 
separation. There is no theory for the breakdown strength of air when falling water drops are present. 
The theory for dry air (Chapter 2) indicates that the breakdown strength for parallel plates decreases, 
asymptotically approaching a constant value of 17.1 kV/cm rms (24.4 kV/cm peak) as the separation 
increases. The data presented above indicate that for wet conditions the opposite is true, as 
breakdown strength increases towards an asymptotic limit for large spacing. For spray-wet conditions 
at 29 kHz, this limit is approximately 3.25 kV/cm. This value is close to the asymptotic value 
determined for the corona onset level on cylinders under wet conditions in Chapter 6, which was 3.1 
kV/cm. 

VERTICAL RODS AND SPHERE 
This section gives the results of the measurements of the breakdown level for rods with hemi-

spherical end caps above ground. One set of measurements was taken using a sphere larger than the 
rod. Breakdown measurements were made for each configuration at several heights for both wet and 
dry conditions. 

Configurations 
Measurements were taken using four different vertical rods with hemispherical end caps and one 

sphere above ground. The rods had diameters from 1 inch to 8 inches; the sphere had a diameter of 
10 inches but was mounted on a 4-inch diameter rod. The test configurations are illustrated in Figures 
8-10 through 8-12, with the dim
these configurations. 
 

Table 8-6.  Dimensions of rod test configurations (inches). 

Configuration L rp r1 d 

ensions labeled. Table 8-6 gives the values of the dimensions for 

1” rod * * * * 

3” rod 112.5 1.5717 1.486 1.5 

4” rod 80.0 1.999 2.016 2.5 

8” rod 105 4.018 3.99 4.99 

10” sphere 96 2.049 5.092 10.00 
 
* See Figure 8-10. 

 

The breakdown voltage was measured for each configuration at several heights above the ground, 
listed in Table 8-7. The heights were measured from ground to the lowest part of the hemispherical 
end cap on the rod. 
 

Table 8-7.  Heights for rings, rods, and sphere measurements (inches). 

6 12 18 24 30 36 48 60 72 
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SMALL RINGS HAVE  
2” MINOR DIAMETER 

 6.065’ 

 4.138’ 

.557’ 
  21’ 

  9’ 

  24.5’ 

 

Figure 8-10.  One-inch rod dimensions. 

8-18 



VLF/LF High-Voltage Design and Testing  Chapter 8 Parallel Plates, Rings, Rods, and Spheres 

 

 

 

 

Figure 8-11.  General rod configuration  
and dimensions. 

Figure 8-12.  Sphere configuration and 
dimensions. 

 

The rod configurations are rotationally symmetric. The surface fields were calculated using the 
computer program for rotationally symmetric configurations as described in Chapter 4. The maxi-
mum surface field occurs on the tip of the rod. This field normalized to one volt is called G0 given in 
dimensions of 1/length. For any given voltage, the field on the tip of the rod is given by multiplying 
that voltage times G0. 
  0max GVE ⋅=  

  where  Emax is the maximum surface field (rod tip) 
    V is the voltage on the rod, and 
    G0 is the calculated field on the rod tip for unit voltage. 

A plot of the calculated values of G  for the four rods and the 10-inch sphere are given in Figure 8-
13. 

0
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Figure 8-13.  G0 for rods. 

Observed Phenomena 
Dry 

For dry conditions, two breakdown phenomena were observed. Either a flare formed or complete 
flashover occurred. No corona was observed prior to the flare or flashover. When the rod was near 
ground, flashover usually occurred first. When the rod was more elevated a flare, as described in 
Chapter 6, occurred before flashover. With the smaller rods, the flare sometimes took the form of 
brush corona consisting of many small flares (Figure 8-14). Brush corona formed on the smaller rods, 
while a single flare formed on the larger rods. Flares draw considerable power from the circuit, and 
they also increase the ca c  o re current from the 
source, and the increase cuit. Both of these 
ef

en possible, but for design purposes the limiting 
ph

pacitan e f the circuit. The increased power draws mo
d capacitance changes the resonant frequency of the cir

fects tend to reduce the voltage and can limit current in the flare. A flare appears to be an 
incomplete flashover. However, when a flare is present, the transmitter power can be increased, and 
eventually flashover will occur if there is enough power available from the transmitter. 

Flares only occur for non-uniform fields. For gaps with large spacing having highly non-uniform 
fields, a flare will form first even for a very low-impedance source. However, for gaps that are not so 
large, the occurrence of a flare, or flashover, depends on the source impedance, and it is likely that 
some of the flares observed at the HVTF would be flashovers for a low-impedance source. The flare 
and flashover levels were both recorded wh

enomenon is taken to be whichever occurred first.  
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Figure 8-14.  Small rod dry in brush corona. 

Wet 

There were two different methods used for wetting the rod. One experimental method used a res-
ervoir within the rod. The reservoir fed a hole at the center of the hemispherical end cap. A stopcock 
was used to allow adjustment of the water flow rate. The other method of wetting the rods was to 
spray the rod externally in the area around the tip simulating windblown rainfall. 

For wet conditions, there were many different phenomena observed. Some of them are similar to 
those described above in the parallel-plate discussion and in Chapter 6. These include drop distortion, 
sparklers, purple streaks, purple mini-flares, full flares, and flashover. As for dry conditions, 
flashover occurred first when the rod tip was close to ground, and a flare occurred first when the rod 
was higher. Flashover, or flare, whichever occurred at the lowest voltage, was used as the limiting 
phenomena for developing the design curves. However, the primary phenomena used for delimiting 
the performance for wet conditions is what we called mini-flare inception, which corresponds closely 
to the criteria used for wet-corona onset on wires as defined in Chapter 6. Wet flare inception was 
defined as the point when the purple streak on the water drops, or streamers, moved up to the surface, 
attached themselves to the rod and a white hot spot formed on the surface, i.e., purple mini-flares. 
This corresponds to self-sustaining corona. 
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Internal Water 
There were some interesting phenomena observed for the setup with the water exiting through the 

hole at the center of the rod. They were similar to the phenomena observed with the parallel plates. 
Figures 8-15 and 8-16 illustrate the phenomena that occurred without voltage as function of water 
rate. Figure 8-15 shows individual drops falling at very low flow rates. Figure 8-16A shows the 
stream exiting the rod at a moderate flow rate. For this flow rate, the stream is initially laminar and 
transitions from laminar to turbulent flow at some distance below the rod. Some distance below the 
transition, the stream breaks up into individual drops. Figure 8-16B shows the long smooth, appar-
ently laminar, stream that formed at higher flow rates. 

 

 

Figure 8-15.  Water drops falling off the end of the rod. 

 

Figure 8-16.  Water falling off rod with internal and external water sources. 
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When high voltage was applied, these phenomena changed depending upon the flow rate. As in the 
pa

sts 

rallel plate test, the application of high voltage tends to constrict the water drops or stream, 
increasing the length of laminar flow. Sometimes, when only drops were present, the application of 
voltage would result in a thin laminar stream for some distance below the rod. Also, the drops that 
formed below the laminar-turbulent transition were smaller when the voltage was applied. The con-
strictive force increased with voltage holding the laminar flow region together longer. Table 8-8 li
the water phenomena before and after the application of voltage. 
 

Table 8-8.  Water phenomena observed before and after application of high-voltage with the water 
exiting hole in rod center. 

Before Application of Voltage After Application of Voltage (same flow rate) 

Single drops falling off at approximately 1 per 
second 

Thin stream of laminar flow about 2 inches long 
before breaking up into turbulent flow and drops. 

Laminar flow exiting the rod followed by a turbulent 
flow region and then breakup into drops 

Laminar flow region becomes thinner and longer.
The transition regions into turbulent flow and 
breakup into drops both move downward with 
increasing voltage. 

 

Turbulent flow exits the rod followed by breakup 
into drops 

Laminar flow region immediately beneath the
rod. Again the transition region bounda

 
ries both 

move downward.  

Any flow rate that becomes laminar when high 
voltage is applied. 

With enough voltage, a “Blue Angel” forms. (See 
discussion below.) 

 

The Blue Angel described in the parallel-plate section above was also observed for the rod with the 
internal water source. When the voltage was increased enough, a Blue Angel formed for all 
conditions where there was a region of laminar flow. Below the Blue Angel, the water stream broke 
up into a spray cone with a half-angle of approximately 20o. The water drops in the cone were very 
fine and fell to the ground, forming a circular wetted region several inches in diameter as illustrated 
in Figure 8-17. 

The corona around the laminar-to-turbulent transition region appears to be caused by very fine 
drops breaking away from the surface of the water stream. The drops are charged, and the charged 
water stream repulses them. The fine drops from the top have farther to fall than the drops from near 
the bottom, giving the Christmas-tree shape. The spray cone consists of small drops, which form at 
the bottom of the Blue Angel where the laminar flow region breaks up. These drops repulse each 
other, resulting in the spray cone. 

As with the parallel plate configuration, the distance downstream where these phenomena occurred 
varied with voltage and flow rate. As the voltage increases, the laminar flow region moves down and 
the Blue Angel moves downstream. Similarly, increased water flow rate causes the Blue Angel to 
move downstream and results in a reduction in the spray cone angle. The water drops in the spray 
cone appear to be larger for increased flow rates. 

As the voltage was increased further, either a flare formed or flashover occurred. The flare starte
from the metal surface of the rod and m ll flare on the 1-inch rod 
with an internal water sourc t re  from a source on the 
surface, which glows brightly with a whitish purple, sometimes yellow color and appears to be very 

d 
ade a definite hissing sound. A sma

e is pic u d in Figure 8-18. The flare emanates
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hot. When the flare forms, it affects the water stream by repelling it as shown in the figure. With the 
internal water source, the water stream and flare are fairly stable, and the Blue Angel and spray cone 
can be readily observed. For the larger rods the flare did not form until a higher voltage was reached, 
and they were larger, similar to those shown in Figures 6-14 and 6-15, and made a roaring sound. 

 

Figure 8-17.  Drawing of rod with internal 
water source showing stream and Blue Angel. 
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Figure 8-18.  One-inch rod with internal water source exhibiting Blue Angel and 
a flare. 

External Spray 
Most of the rod measurements were made with external spray, corresponding to outdoor applica-

tions. For this case, the water does not run smoothly off the end of the rod, and there were some addi-
tional interesting phenomena. The water forms turbulent streamers that run off the bottom of the rod 
slightly to one side (Figure 8-16C). The location where the stream falls off varies and moves around 
randomly, although it depends somewhat on the amount and direction of spray. The stream falling off 
the rod is thicker than it is for laminar flow, and the surface has a rough irregular appearance similar 
to a knotted rope. The application of voltage did not appear to affect the thickness or exit position of 
the stream. 

As the voltage was increased, purple streaks formed from falling drops and eventually moved up to 
the surface of the rod and formed a hot spot. This is similar to the definition of wet corona onset for 
cylinders that was used in Chapter 6 and in this chapter to define self-sustaining corona (flare onset) 
for the rods under spray-wet conditions. For all cases with external spray, a Blue Angel would form 
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about 2 inches away from the rod (Figure 8-19) when the voltage was increased enough. With exter-
nal spray, the drops that formed when the water stream breaks up were larger and formed a coarser 
water cone (Figure 8-20). The unpredictable motion of the water stream causes the Blue Angel and 
spray cone to be intermittent and difficult to observe. Nevertheless, by knowing what to look for, it 
can be seen with careful observation.  

 

Figure 8-19.  Picture of rod with external spray showing Blue Angel. 

As the voltage increased further, either a flare formed or flashover occurred. The flares seem to 
start within the water stream or from falling water drops and then jump to the metal surface. The 
flares for external spray are essentially the same as for the internal water source except that the posi-
tions of the flare and water stream move around rapidly. The flare repels the water stream as shown 
in Figures 8-18 and 8-21. Larger rods gave rise to larger flares. The flare has a single stem that ema-
nates from a hot spot on the metal surface. The stem has a lighter bluish-purple color and then breaks 
up into several jagged fingers. As the voltage is increased, the stem grows longer and the fingers 
reach out farther. The location of the stem and the position of the fingers move about unpredictably. 
The fingers reach out, following the field lines towards ground. As the voltage increases, they reach 
closer to ground. Flashover occurs when they reach within about 4 inches of ground. When the flare 
forms first, the water seems to have very little to do with flashover except that it causes the flare to 
start at a lower voltage. Once the flare forms, it dictates flashover for the cases that were examined. 
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Figure 8-20.  Drawing of rod with external spray 
showing Blue Angel. 

 

Figure 8-21.  Drawing of rod with external spray showing Blue Angel and a flare. 
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The larger objects (8-inch pipe and 10-inch sphere) collect more water, which changes the water 
phenomena slightly. The phenomena described below occurred to some extent with one sprayer but 
were easier to see when the water came from sprayers on two sides. The water flowing off the rod (or 
sphere) forms a conical-shaped blob at the bottom of the rod. The water then forms one main stream 
and a few smaller streams that fall off the tip of the cone. These streams are turbulent, with an 
appearance similar to that described above for the external spray condition. The main stream falls 
nearly straight down, but the smaller streams fall obliquely (Figure 8-22A). When the voltage 
increases to near flashover, each turbulent stream breaks up into a spray cone, but with much larger 
drops than for laminar flow streams. The Blue Angel forms around the smaller streams as shown in 
Figure 8-22B. Occasionally drops fall off the rod, flashing purple as they fall. These sometimes initi-
ate flares or flashovers, which repulses the water formation below the rod, also shown in the figure.  

 

Figure 8-22.  Drawing of phenomena on larger rods with heavy external spray. 

Measured Data 
The measured data for the vertical rods and the one sphere both dry and wet are included in the 

Chapter 8 data file as Excel spreadsheets named �vertrods3,� �vertrods30,� and �vertrods48.� For 
each configuration, the breakdown voltage was measured as described in Chapter 5 using an average 
of at least five measurements. The voltages were then corrected to STP (25o C). These voltages were 

er-calculated gradients to determine the critical value of the field (Ec) on 
th

Rods and spheres are often used as protective devices. The formation of a flare is not very useful 
for protection. Thus, the diameter and spacing of the rods should be selected such that flashover 

then used with the comput
e rod tip at breakdown. The data for critical gradients presented in this chapter have all been 

corrected for air density.  

Dry 
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occurs before a flare forms. For intermediate gap lengths, the formation of a flare is probably a 
fu  

e 
 
 

ltage. 
T

nction of the source impedance and may be different for different installations. For a very powerful
(low impedance) source, such as would be the case for most VLF/LF stations, the flare condition as 
measured at Forestport could be a flashover. For that reason, it was decided to use the condition of 
flashover or flare (whichever came first) to define breakdown for dry conditions. 

When a flare formed first, the transmitter could be turned up enough to cause flashover when ther
was enough available power. Figure 8-23 shows an example of the measured breakdown voltage for
dry conditions at 29.8 kHz. The measured points are marked with open or filled symbols. The filled
symbols represent configurations for which flashover occurred first and mark the flashover vo

he open symbols represent configurations for which a flare occurred before flashover and mark the 
flare formation voltage. 
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er 

s, flashover occurred first for closer spacing, 
but a flare formed first for larger spacing. For the ½-inch and 1-inch diameter rods, a flare always 
formed before flashover. Flashover measurements are included in the figure for the ½-inch rod. They 
were obtained by increasing the transmitter power beyond the point where a flare formed until 

Figure 8-23.  Vertical rod, dry breakdown voltages at 29.8 kHz (for ½-inch rod, closed symbols for 
flashover, open symbols for flares). 

When the rod is relatively close to the ground relative to rod diameter, flashover occurs first (low
voltage). It is seen from the figure that flashover occurred first for the 10-inch sphere and the 8-inch 
rod at all heights tested. Note that there was not enough voltage available at Forestport to flash over 
the 10-inch sphere when the spacing was greater than 30 inches or the 8-inch rod when the spacing 
was greater than 48 inches. For the 3-inch and 4-inch rod
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flashover occurred. This was not done for every configuration; usually only the flare or flashover 
voltage, whichever came first, was recorded. 

The voltages measured were corrected to STP (25°C) using the air-density correction factor as dis-
cussed in Chapter 6. The corrected voltages are converted to the gradient (surface field) on the end of 
the rod by multiplying by Go. Figure 8-24 shows the critical gradients for dry conditions for the ½-
inch rod at both 29.8 kHz and 48.9 kHz. Note that the surface field for the onset of flares is nearly 
independent of height, while the apparent surface field at flashover is nearly a linear function of 
height. The term apparent surface field is used for flashover in the case of the ½-inch rod because 
flashover always occurred at a voltage higher than the onset of a flare. The plasma in the flare is a 
conductor, which changes the field around the rod. Residual ionization from the flare also affects the 
fields around the rod. The calculated (apparent) field does not take these effects into account. 
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Figure 8-24.  Half-inch rod, dry flashover and flare gradients. 

The curves of flashover/flare gradient for the two frequencies are shown in Figure 8-25 and 8-26. 
In both of these sets of curves, the gradients are nearly constant showing a slight increase with 
height. Both figu o oltage 
breakdown measurements. 

The average breakdown gradient for the dry condition has been calculated for each rod diameter at 
both frequencies using the data of Figures 8-25 and 8-26. This is called the critical gradient and has 
been plotted versus diameter in Figure 8-27. Note that these curves show a decreasing breakdown 
gradient versus diameter and are similar to the corona onset curves for wires and cylinders given in 
Chapter 6. The frequency effect is apparent in that the curve for 48.8 kHz is about 5% below that for 

res show s me statistical variation that is an inevitable part of high-v
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29.8 kHz, except for the ½-inch rod dry. The fact that the flare gradient for the ½-inch dry rod for 
29.8 kHz is greater than the flare gradient for 48.8 kHz is clearly shown in the original data of Figure 
8-24. This seems to be anomalous and may be the result of measurement error. However, it may be 
the result of the humidity effect because, as discussed in Chapter 6, for small radius objects the pres-
ence of humidity can increase the breakdown strength at low frequencies but reduce it at higher fre-
quencies. Note that the flashover gradient for 29.8 kHz was above the flashover gradient for 48.8 
kHz. 

 

15.00

17.00

19.00

21.00

23.00

25.00

27.00

29.00

31.00

33.00

0 10 20 30 40 50 60 70 80
HEIGHT (inches) 

E
c 

(k
V

/c
m

) 

1/2" rod 
1" rod 
3" rod 
4" rod 
8" rod 
10" sphere 

 

Figure 8-25.  Dry vertical rods, flashover/flare gradients versus height at 29.8 kHz. 
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Figure 8-26.  Dry vertical rods, flashover/flare gradients versus height at 48.8 kHz. 
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Figure 8-27.  Vertical rods average breakdown gradient versus diameter. 
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Gap Factor 
The curves of dry flashover/flare gradient versus height given in Figures 8-25 and 8-26 have been 

normalized by the average of each curve and plotted in Figure 8-28 for 29.8 kHz and Figure 8-29  
for 48.8 kHz. For each frequency all of the data have been averaged point by point and the resulting 
�average� curve is also shown. The average curves for both frequencies are very similar and have 
been plotted together in Figure 8-30. An average of the curves for each frequency has also been 
included and can be used as a �gap factor.� The gap factor curve (dry average curve of Figure  
8-30) is nearly linear with height. Note that the gap factor is 1.0 at a height of 30 inches. Thus the 
average curves for the breakdown gradient of dry rods versus diameter given in Figure 8-27 apply 
exactly for a height of 30 inches. The gap factor is used to adjust the breakdown gradient for larger  
or smaller gaps. For dry conditions, the breakdown gradient is about 2% greater when the gap is 72 
inches and 2% less when the gap is 6 inches. Breakdown voltage has a statistical component and an 
indication of its variability for dry conditions is given by the normalized data shown in Figures 8-28 
and 8-29. 
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Figure 8-28.  Dry rods at 29.8 kHz, gap factor. 
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Figure 8-29.  Dry rods at 48.8 kHz, gap factor. 
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Figure 8-30.  Vertical rod combined wet and dry gap factor. 
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Wet 

For wet conditions, the breakdown phenomena are more complicated than for dry conditions and 
several different phenomena appear as the voltage is increased. However, when the voltage becomes 
high enough, the breakdown phenomenon are the same as those for dry conditions, either the forma-
tion of a flare or flashover. As for dry conditions, when a flare formed first the transmitter could be 
turned up to cause flashover when enough power was available. With the ½-inch and 1-inch diameter 
rods, a flare always formed before flashover for either wet or dry conditions. The flashover voltage 
was measured for the ½-inch rod wet for 29.8 kHz and 49.8 kHz, and the apparent gradient on the 
rod at flashover is shown in Figure 8-31. The apparent gradient at flashover for dry conditions is 
shown also. Note that the wet and dry flashover gradients for each frequency are nearly the same. 
Note also that the wet flashover gradients for 49.8 kHz are approximately 10% less than the wet 
flashover gradients for 29.8 kHz. 
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Figure 8-31.  Half-inch rod wet breakdown gradients. 

-

 

ance. Also, the flashover time for rods is longer than for uniform field 
gaps, and so rods do not protect as well against transients with fast rise times. Thus, rods may not be 
the best protective devices for outside use. 

There was a third phenomenon observed and measured for wet conditions, the formation of purple 
mini-flares on the rod. This corresponded to the top of the purple streaks moving up and attaching 

Wet flashover and dry flashover voltages are nearly the same for small diameter rods at VLF/LF 
for which corona formation precedes flashover (as previously noted by Kotter [1983]). This was pur
ported to be a desirable characteristic for protective devices used outdoors. Unfortunately, the data 
show that for wet conditions the small diameter rods will flare at voltages much less than flashover.
The flare is not desirable for many reasons, including the fact that it may become a flashover 
depending on the source imped
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themselves to the surface of the rod, where a white hot-spot formed. This phenomenon is the same as 
the definition used for wet corona onset on cylinders in Chapter 6. The onset of this phenomenon is 
distinct.  It can be measured as discussed in Chapters 6 and 7 and corresponds to the start of the 
dissipation of significant amounts of power. The curves for the onset of mini-flares using the ½-inch 
rod are included in Figure 8-31. They lie below the flare or flashover level and are nearly constant 
with height. The onset of a purple mini-flare is the definition of wet breakdown used for the 
remainder of the wet rod measurements. 

As in the case of the dry rod measurements, the breakdown voltages were corrected for air density 
and converted to the gradient on the rod tip. The measured breakdown gradients for the purple mini-
flares on rods for spray-wet conditions at the two frequencies tested are shown in Figures 8-32 and  
8-33. Again the measured points are marked with open or filled symbols. The filled symbols repre-
sent configurations for which flashover occurred first, and the open symbols represent configurations 
for which mini-flares occurred first. As in the case of dry conditions, flashover occurred first when 
the rod was close to the ground relative to the rod diameter.  These curves are similar to the curves 
for dry conditions and show that the critical gradient is nearly constant, slightly increasing with 
height. The rate of increase with height is slightly greater for the wet curves than for the dry curves. 
These figures also show some statistical variation, which is an inevitable part of the high-voltage 
breakdown process. 

The average breakdown gradient for the wet condition has been calculated for each rod diameter at 
the t nc ted 
versus diameter in Figure 8-27. Note that the curves shown in Figure 8-27 show decreasing break-

corona onset curves for cylinders shown in 
he frequency effect is apparent in that the curve for wet conditions at 48.8 kHz is about 

10% below that for 29.8 kHz, including the case of the ½-inch rod. This is about twice the difference 
for dry conditions and may be in part due to humidity, since humidity for wet conditions is essen-
tially 100%. 

wo freque ies measured using the data of Figures 8-32 and 8-33. This gradient is shown plot

down gradient with diameter and are similar to the 
Chapter 6. T
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Figure 8-32.  Wet vertical rods, mini-flare breakdown gradient at 29.8 kHz. 
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Figure 8-33.  Wet vertical rods, mini-flare breakdown gradient at 48.8 kHz. 
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Gap Factor 
The curves of wet breakdown gradient versus height shown in Figures 8-32 and 8-33 have been 

normalized by the average of each curve and plotted in Figure 8-34 for 29.8 kHz and Figure 8-35 for 
48.8 kHz. All of the normalized curves have been averaged point by point and the resulting �aver-
age� curves are also shown in the figures. The average curves for both frequencies, wet and dry, have 
been plotted in Figure 8-30. Note that the wet curves for the two frequencies are very similar. An 
average of the curves for both frequencies, wet and dry, is also given and is intended to be used as a 
�gap factor� to adjust the breakdown gradient for larger or smaller gaps. The wet-gap factor is 1.0 at 
a height of 22 inches. Thus, the average curves for the breakdown gradient of wet rods versus diame-
ter given in Figure 8-27 apply to a height of 22 inches. The gap factor is used to adjust the break-
down gradient for gaps that are larger or smaller than 22 inches. 

Comparison of the wet and dry gap factor curves (average curves) in Figure 8-30 indicates that for 
wet conditions the variation with gap length (height) is greater than it is for dry conditions. For wet 
conditions, the breakdown gradient decreases significantly when the gap is less than 22 inches, and 
the slope increases rapidly as the gap gets smaller. Water is a good conductor at VLF/LF. Thus, the 
water falling off the rod decreases the effective gap and is probably the cause of this decrease. This 
effect may depend somewhat on the rate of the water falling, but we do not have data to quantify this 
effect. For separations greater than 22 inches, the slope of the wet gap factor decreases, and the gap 
factor asymptotically approaches a value of 4.5%. The statistical variation for wet conditions is 
somewhat greater than that for dry conditions as can be seen from Figures 8-34 and 8-35. 
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Figure 8-34.  Wet rods gap factor at 29.8 kHz. 
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Fi

d the measured dry breakdown voltages, both flashover and flare for vertical 
und plane for 29.9 kHz at STP (25°C). The breakdown voltages for 48.8 kHz are 

ap 23 

 
es of Figure 8-27 correspond to a gap spacing of 30 inches, and the curves 

fo

own 

  

gure 8-35.  Wet rods gap factor at 48.8 kHz. 

Design 
howeFigure 8-23 s

rods above a gro
proximately 5% less than those for 29.9 kHz as indicated in Figure 8-24. The curves in Figure 8-

give an indication of the flashover voltages for rods as a function of height and can be used for 
analysis and design. However, we have developed a better design - analysis approach based on the 
critical gradients determined from the measurements.  This approach has general application to 
configurations with different size rods, different spacing, and other than flat ground planes. 

This approach involves the use of Figure 8-27 to determine the critical gradient for the rod of 
interest. The curves in this figure can be interpolated to obtain values for rod diameters other than 
those plotted. Note that the curves are based on the average critical gradient over a range of heights. 
For dry conditions the curv

r wet conditions correspond to a gap spacing of 22 inches. After determining the average critical 
gradient the appropriate gap factor in Figure 8-30 is used to adjust to other spacing. The normalized 
gradient G0 on the rod tip is calculated for the configuration in question (Chapter 4). Given the 
normalized gradient on the rod, G0, and the critical gradient for that configuration, Ec, the breakd
voltage is determined by  

0G
EcVc =        . 
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V

 
minum, but a 

w measurements were done using 6-inch and 8-inch rings made from corrugated flexible pipe. 
Corrugated rings were tested because they e g trial insulator assemblies and 
we needed to determine the differe p rf rugated ring assembly and a 
final a mooth ri

Test Configurations 
Measurements were taken using five different size rings having minor diameters from 1 inch to 8 

inches. The test configurations for the horizontal and vertical rings are illustrated in Figures 8-36 and 
8-37. Ta ts the dimensions for both ring configurations. 
 

imensions of ring test configurations. See Figures 8-36 and 8-37. 

Configuration L (fee rp (in) r1 (in) r2 (in) (r1+r2)/r2

ERTICAL AND HORIZONTAL RINGS 
Breakdown measurements were performed using elevated corona rings (toroids) at Forestport 

during May 1994, January 1995, and March 1995. All of these data were taken for frequencies near
30 kHz. The rings used for most of these measurements were made from smooth alu
fe

 w re often used for testin
nce in e ormance between a cor

ssembly with s ngs. 

ble 8-9 lis

Table 8-9.  D

t) 

1” ring 8 2.049 7.688 0.5 16.4 

2” ring 8 2.049 5.34 1.025 6.2 

3” ring 8 2.049 3.595 1.5 3.4 

6” ring 8 2.049 9.0 3.0 4.0 

8” ring 8 2.049 12.0 4.0 4.0 
 

Both the vertical and horizontal rings measurements were taken at the same heights above ground 
at the rod measurements listed in Table 8-7. The heights were measured from ground to the lowest 
part of the ring (Figure 8-38). 
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Figure 8-36.  Horizontal ring test configuration and dimensions. 
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Figure 8-37.  Vertical ring test configuration and dimensions. 
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Figure 8-38.  Height measurement for rods and rings. 

Observed Phenomena 
Dry Conditions 

The phenomena observed for dry conditions for both the vertical and horizontal rings were the 
same as described in the section above on the rod measurements. 

Wet Conditions 

External spray was the only wet condition used for the ring measurements. For vertical rings under 
wet conditions, the water all runs off the bottom of the ring, and the phenomena were essentially the 
same as for the vertical rods with external spray described in the above section on rod measurements. 
However, when the rings are horizontal, the water runs off the ring at many locations around the ring, 
and the Blue Angel and spray cone are normally not seen. The observed phenomena for horizontal 
rings are mostly like those described in Chapter 6 for horizontal cylinders under spray-wet condi-
tions. 

ltiplying 
G

Gradient Calculations 
The normalized gradients Go have been calculated for each ring configuration. The dimensions of 

Go are per cm and the actual gradient (field on the surface of the ring) is determined by mu
o by the voltage. 
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Horizontal Rings 

The horizontal ring configuration is rotationally symmetric, and the surface fields were calculated 
using the computer program for rotationally symmetric geometry as described in Chapter 4. For hori-
zontal rings, the location of the maximum surface field point depends on the height above ground and 
th en 

rd 
ground. When the ring is just above ground, the maximum field is on the bottom of the ring. 

The pipe suspending the ring somewhat um surface field. The 
pipe is at the same voltage as the ring and tends to move the location of the maximum field slightly 

ay from the pipe (i.e., around the ring to ovides some shielding, 
thereby reducing the magnitude of the maximum field. Thus, to accurately determine the breakdown 
gr

 or flashover) started always appeared to 
be close to the bottom of the ring near where a water streamer flowed off the ring. For this reason, we 
decided to try processing the data for wet conditions using the gradient on the bottom of the rings as 
well as the maximum gradient. The calculated maximum and bottom gradients normalized to 1 volt 
(G0) for horizontal rings are shown in Figures 8-39 to 8-43. The curves for the horizontal rings 
maximum and bottom gradients are designated H, m and H, b, respectively. 

Vertical Rings 

For the vertical rings, the maximum gradient occurs on the bottom of the ring and was the only 
value used to process the data. The vertical ring configurations are not rotationally symmetrical and 
3-D computer programs are required to make this calculation. It is a significant effort to obtain 
accurate answers for 3-D configurations, and much of the effort described in Chapter 4 resulted from 
addressing the problem of determining gradients for vertical rings. As with the horizontal rings, the 
effect of the support rod was included. The normalized gradient on the bottom of the vertical rings, 
designated V, b is also shown in Figures 8-39 to 8-43. Note that the curves for the vertical ring 
gradients are not as smooth as the curves for the horizontal rings. This is an indication of the 
increased difficulty and decreased accuracy encountered when calculating surface fields for 3-D 
objects. 

Measured Data 
The breakdown measurements for the smooth rings with minor diameters of 1, 2, 3, 6, and 8 inches 

have been combined in an Excel spreadsheet titled �Ring Summary Mod4.� Both the original data 
and the data corrected to STP are included. The measured data for corrugated rings are included in 
the spreadsheet titled �HORZRINGS.� For each configuration, the breakdown voltage was measured 
using an e f hese 
voltages were then used in combination with the calculated gradients to determine the critical value 

own (critical gradient). 

e rod configuration. For a ring above ground, the maximum surface field lies somewhere betwe
the outermost edge of the ring and the bottom of the ring. If the ring were suspended in free space, 
without the supporting pipe, the maximum field point is on the outer edge of the ring. However, as 
the ring is lowered toward ground, the maximum field point moves around the ring surface towa

 influences the position of the maxim

aw wards the bottom). The pipe also pr

adient from the measurements, it was necessary to calculate the maximum surface field as a func-
tion of height for each ring, including the effect of the support rod. 

For wet conditions, the position where breakdown (flare

 averag  o  at least five measurements. The voltages were corrected to STP (25o C). T

of the surface field (Ec) at breakd
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Figure 8-39.  Normalized gradients for 1-inch ring with support rod. 
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Figure 8-40.  Normalized gradients for 2-inch ring with support rod. 
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Figure 8-41.  Normalized grad r 3-inch ring with suppor

 

 

ients fo t rod. 
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Figure 8-42.  Normalized gradients for 6-inch rings with support rods. 
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Figure 8-

en 

43.  Normalized gradients for 8-inch ring with support rod. 

Some typical curves generated in this way for the 6- and 8-inch rings under wet conditions are 
shown in Figures 8-44 and 8-45. In these figures, both the maximum and bottom gradient have be
calculated. For wet conditions, the bottom breakdown gradient is nearly constant with height, while 
the maximum gradient is not. This is true for both ring sizes, corrugated and smooth. This indicates 
that for wet conditions breakdown is most closely correlated with the gradient on the bottom where 
the water falls off. For this reason, all of the wet horizontal ring data were processed using the 
bottom gradient instead of the maximum gradient. 
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Figure 8-44.  Breakdown gradients (rms) observed for wet 6-inch horizontal at 30 kHz. 
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Figure 8-45.  Breakdown gradient (rms) observed for wet 8-inch horizontal ring at 30 kHz. 

Smooth Rin

ge 
 

gs 

The gradient at breakdown (critical gradient) is determined from the measured breakdown volta
and the calculated normalized gradient. Plots of the observed critical gradient for all the smooth ring
data are shown in Figures 8-46 to 8-50. The curves are labeled �V� for vertical rings and �H� for 
horizontal rings, respectively. The maximum surface gradient is shown for both vertical and 
horizontal dry cases and the vertical wet case. The bottom gradient is also shown for the horizontal 
wet case. Note that the critical gradient for each ring is nearly constant with height, indicating the 
strong correlation between the surface field and breakdown. 
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46.  Critical gradients (rms) observed for 1-inch ring. Figure 8-
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Figure 8-47.  Critical gradients (rms) observed for 2-inch ring. 
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Figure 8-48.  Critical gradients (rms) observed for 3-inch ring. 

 8-49



Chapter 8 Parallel Plates, Rings, Rods, and Spheres  VLF/LF High-Voltage Design and Testing  

 

0.00

5.00

10.00

15.00

20.00

25.00

0 10 20 30 40 50 60 70 80
HEIGHT ABOVE GROUND PLANE (inches)

E
c 

(k
V

/c
m

) 
V, Dry 

H, Dry 

V, Wet 

H, Wet 

 

Figure 8-49.  Critical gradients (rms) observed for 6-inch ring. 
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Figure 8-50.  Critical gradients (rms) observed for 8-inch ring. 

The breakdown gradient for each diameter ring has been averaged over height using the data from 
th  

 

e critical gradient curves in the figures. The resulting values of critical gradient have been plotted
versus ring minor diameter in Figure 8-51. These data have been corrected to STP (25° C). The cor-
rect application of the air density correction factor modifies the ring dimensions (Chapter 3), which is
why the plotted points do not occur at the integer ring diameters that were measured. These curves 
are used in the design procedure below and are further discussed in the discussion section following 
the surface curvature section. 
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Figure 8-51.  Critical gradient (rms) versus diameter for smooth rings averaged over height. 

Gap Factor 
The critical gradient curves in Figure 8-51 provide values that were obtained by averaging over all 

the heights measured. Examination of Figures 8-46 to 8-50 shows that for the wet cases there is a 
tendency for the critical gradient to increase with height, especially at lower heights, similar to the 
rod data. A g e rods. The 
wet-ring gap factor using the measured data is shown in Figure 8-52 (curves labeled data). The figure 
shows that at heights of 24 inches and below the critical gradient decreases in a regular way as the 
ga  

 

Above 24 inches, there are fewer data, and the figu y more variability in the 
data. The figure shows a tendency for the vertical ring gap factor to be higher and the horizontal ring 
gap factor t arly con-
stant at abo -
mended gap factor, shown in the figure, is a smooth fit between the vertical and horizontal curves 

stant equal to +2.25% above 24 inches. However, it should be noted that 
ab

ap factor has been developed for the rings in the same way as was done for th

p decreases for both ring configurations. The data for vertical rings show the breakdown gradient
is equal to the average (gap factor = 1.0) at a height of 17 inches and reduces smoothly to about 11%
less than the average at a height of 6 inches. For the wet horizontal ring data, the critical gradient is 
equal to the average at a height of 13 inches and falls smoothly to about 7% below the average at a 
height of 6 inch. For heights of 24 inches and below, the recommended gap factor used to correct the 
average curves is the same as the measured data shown in the figure. 

re indicates considerabl

o be lower. However, the average of the vertical and horizontal gap factors is ne
ut 2.25%. Because of the sparse data and the variability above 24 inches, the recom

below 24 inches and a con
ove 24 inches the uncertainty is greater with variability on the order of +2%. The curves labeled 

�Horizontal Factor� and �Vertical Factor� in Figure 8-52 are the recommended values used to adjust 
the average critical gradient versus diameter curves for wet conditions given in Figure 8-51 for 
different gap lengths. 
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The gap factor from the data for dry rings is shown in Figure 8-53. For dry conditions, the hori-
zontal ring data shows a slight tendency for the critical gradient to increase with height, but there is 
no clear tendency indicated, unlike the rod measurements. The data for vertical rings show a slight 
tr e 

 dry 
 but 

end in the opposite direction. This is unusual and is further discussed in the section following th
discussion of the radius of curvature below. The magnitude of the variation with height is less for
conditions than for wet conditions. The tendency is opposite for the horizontal and vertical rings
the average of the two is nearly unity. This seems anomalous, and for this reason a gap factor has not 
been developed to correct the dry-ring critical gradients. 
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Figure 8-52.  Gap factor for smooth wet rings. 
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Figure 8-53.  Gap factor for smooth dry rings. 

Corrugated Rings 

Data for the 6-inch and 8-inch minor-diameter rings made from both smooth and corrugated pipe is 
shown in Figures 8-44 and 8-45. Corrugated rings are made from flexible pipe that facilitates build-
ing mockups that can be changed easily. A picture of a mockup using corrugated pipe is shown in 
Figure 8-54. One objective of the ring tests was to determine the difference in performance between 
corrugated and smooth rings. 

is 
 

It is interesting to note that at the largest height, the data for both ring sizes showed slightly greater 
breakdown gradient for corrugated rings than the smooth rings. The difference is small and may have 
occurred due to the unavoidable statistical variability of high-voltage breakdown measurements. 
However, we believe it to be real and attribute it to the fact that the water flows together more natu-
rally and forms larger water streamers on the smooth rings. Corrugated rings tend to break up the 
water falling off into smaller streams and for this reason they provide a slight increase in breakdown 
voltage for spray-wet conditions. 

For dry conditions, the opposite is true in that corrugated rings flared at a slightly lower voltage 
than the smooth rings. 

The data presented in these figures show that the breakdown gradient for spray-wet conditions 
essentially the same for both the smooth and corrugated rings. This means that corrugated rings can
be used as a mockup to estimate performance of an insulator assembly under spray-wet conditions. 
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Figure 8-54.  Mockup of large corona ring using corrugated pipe. 

Surface Curvature 
General Case 

As discussed in Chapter 2, the form
trode surface and in the immediate vicinity of the surface. The breakdown criterion can be related to 
the number of free electrons generated in the active ionization region above the surface (Olsen, et al., 
1997). The number of free electrons is a function of an
a function of the el ield exceeds the 

reshold for electron avalanches). The total number of free electrons depends on the field within the 
active region and the thickness of the active region. Increasing the surface field increases both the 
rate that free electrons are generated and the thickness of the active region, thus increasing the total 
number of free electrons. 

The field is generally a maximum on the surface and falls off away from the surface. For configu-
rations where the field falls off rapidly, the surface field must be higher to have an active region large 
enough to generate the required number of electrons. For configurations where the field falls off 
more slowly, the active region is larger and the surface field need not be as high to generate the 
required number of electrons. Thus, the critical surface field for breakdown is inversely related to the 
rate at which the field falls off away from the surface. 

ation of corona is a function of the electric field on the elec-

 integral of the ionization coefficient, which is 
ectric field, over the active region (the region where the electric f

th
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In the immediate vicinity of a charged surface, the rate that the electrostatic field falls off is solely  
a function of surface curvature. The formulas in Table 8-10 give the electric field magnitude and its 
derivative as a function of the distance from the surface (δ), for a sphere, a cylinder, and a general 
curved surface. The radius of the sphere and the cylinder is denoted by the letter a. 
 

Table 8-10.  Rate of field fall-off. 
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The curvature k of a two-dimensional (2-D) curve, a curve drawn on a plane, is defined as follows. 

  
dS
dk φ

=  

 where  φ is the tangent angle of the curve and, 
    S is the distance along the curve. 

Curvature has the dimension of inverse length. The radius of curvature, R, is the inverse of curvature 
and has the dimension of length. 

  
k

R 1
=  

For a generalized 2-D surface, a curve is defined by the intersection of the surface and a plane 
normal to the surface. At a point on the surface, the curvature of this curve takes on different values 
as the direction of the plane through the normal varies. The direction associated with the value of the 
curvature is the direction of the plane. The curvature can be negative or positive. As the direction 
varies, k goes through a minimum and a maximum, which are in perpendicular directions. The 
minimum and maximum values are known as the principal curvatures, (k1 & k2). There are two corre-
sponding principal radii of curvature denoted by R1, 2 = 1/k1, 2. In general, these are a function of posi-
tion on the surface. In Table 8-10, the principle radii of curvature for the general surface are denoted 
by a and b. 

The principal of curvatures are related to the rate of change of the area of an elementary area of the 
curved surface. It can be shown that the sum of the two principal curvatures is equal to the decrease 
of the normal derivative of an elementary area per unit area (Tai, 1997, pp. 41�42). Based on this, 
Tai defined a �surface curvature,� J, as follows. 

  
21 RR

 
11J +=
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The inverse of J can be called the �surface radius� or �surface radius of curvature,� Rs, which has 
units of length. 

  
21

111
RR

J
Rs

+==  

  where  R1 and R2 are the principle radii of curvature at a point on the surface. 

The principal radii of curvature for a sphere are both equal to a. This gives a value for the surface 
radius, Rs, of a/2. A circular cylinder has two principal radii of curvature; one is equal to a and the is 
other infinite because it is in the direction of the cylinder axis. For this case, the surface radius is 
equal to a. For the generalized case in Table 8-10, the radii of curvature are a and b and the surface 
radius of curvature is given by 

  
ba
ba

ba

Rs +
⋅

=
+

=
)11(

1
  

The above equation can be rearranged to give 

  
ba

b
a
Rs

+
=  

which proves convenient  for summarizing data. By convention, a is the smaller of the principal radii. 

Figure 8-55 gives a plot of Rs normalized to a as a function of the surface aspect ratio b/a, showing 
that Rs/a lies between one-half and 1 (½ < Rs/a < 1). When the aspect ratio is 1, the object is a sphere 
with surface radius Rs equal to a/2. As the aspect ratio increases, the magnitude of Rs increases. 
When the aspect ratio goes to infinity, the object becomes a cylinder with surface radius Rs equal to 
a. 

It is useful to examine the rate of field decay in the immediate vicinity of the surface for the vari-
ous configurations. This is given in the table by the derivative of the field in the direction normal to 
the surface, evaluated on the surface, and normalized by the field on the surface E�(0)/Es. As indi-
cated in the table, the normalized derivative for the cylinder in the immediate vicinity of the surface 
is equal to -1/a (that is the rate of field decay normalized to the field on the surface is inversely 
proportional to the radius a). Thus, the field falls off less rapidly for larger diameter cylinders and 
means they will have lower critical gradients. Keep in mind that even though larger diameter 
cylinders have lower critical gradients, they have higher critical voltages because as the radius 
increases the surface field reduces faster than the critical field increases (Chapter 6). 

8-56 



VLF/LF High-Voltage Design and Testing  Chapter 8 Parallel Plates, Rings, Rods, and Spheres 

 

0.5

0.6

0.7

0.8

0.9

s /
a 

1

1.1

R

same 

imm
Thus, the sp linder of the same radius. 

derivative is equal to the negative of the surface curvature (- seen from the table. For 
an 

for 

The critical g al to the surface, which is domi-

fiel s of 
cur
because even when the slopes at the surface are equal, the variation away from the surface may be 

se, 

obj  
for  Rs will 

Tor

A  two parameters, the minor radius a, and the major radius b, shown in 
-

cip  fig-
ure, the larger principle radius is equal to -b. At the bottom of the toroid, point P1 on the figure, the 
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Figure 8-55.  Variation of Rs with surface aspect ratio. 

The normalized derivative for the sphere (see Table 8-10) is twice that for a cylinder of the 
radius due to the 1/r2 dependence for the sphere versus 1/r for the cylinder. This means that in the 

ediate vicinity of the surface the field falls off twice as fast for the sphere as for the cylinder. 
here is expected to have a higher critical gradient than a cy

For the generalized case of a surface with two different radii of curvature, the normalized 
J = -1/R ), as s

this case, the field at the surface falls off at a rate greater than for a cylinder of radius a, but less th
a sphere with radius a.  

radient is a function of the integral of the field norm
nated by the field near the surface. To first order, the integral depends on the field and the rate of 

d fall-off at the surface. For this reason, different objects having the same surface radiu
vature Rs are expected to have similar critical gradients. They are not necessarily the same 

different. Examples of this are illustrated by the formulas for E(δ) in Table 8-10. In the general ca
the presence of other nearby conductors also affects the field variation away from the surface. 
Therefore, the surface radius of curvature cannot be used to define a strict equivalence between 

ects (Phillips, 1999). Nevertheless, it is true that all other things being equal the critical gradient
an object is inversely related to Rs. Thus, in general, changing an object to increase

decrease the critical gradient (but increase the critical voltage). 

oid 

 toroid can be defined by
Figure 8-56. The smaller principle radius is equal to -a everywhere on the toroid, but the larger prin

le radius varies as a function of position. At the outermost edge of the toroid, point P2 on the
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larger principle radius is negative infinity (also at the top). At points between P1 and P2, t
ciple radius lies between �b and negative infinity. The equation for the larger radius of c

he larger 
prin urvature 

  

is given below using the angle around the toroid α,defined in the figure. 

)cos(α
))cos(1(

2
α+⋅−

=
abR  

R  and is plotted in Figure  

poi  

s as a function of α has been calculated for a set of toroid aspect ratios
8-57. Note that on the bottom of the toroid (P1) α = 90° and Rs is always equal to a (same at the top). 
From the figure it can be seen that when the aspect ratio is large, Rs does not decrease much as the 

nt on the surface moves away from P1 towards the edge of the toroid P2. However, for small
aspect ratios Rs rapidly decreases as the surface point moves away from P1. 

 

Figure 8-56.  Toroidal ring parameters. 
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F of the maximum field is a function of height above 
 

out round, 
the 

This is illustrated in Figure 8-58, which shows the normalized maximum and bottom gradients as a 
lso 

give int (α). Note that at low elevations the maximum point is 
e. 

and
field point decreases with height, and the critical gradient for the rings is expected to have a slightly 

A
asy  free space value. Thomas (1954) has developed exact and approximate 

e approximate formulas are 
given below. Both formulas have been normalized to the capacitance of a sphere with radius b. 

  

Figure 8-57.  Rs/a as a function of angle around a toroid, parametric in aspect ratio. 

or horizontal rings above ground, the location 
ground. When the ring is high, the ground has little influence and the maximum field is on the

ermost edge of the ring corresponding to point P2 in Figure 8-56. As the ring approaches g
location of the maximum moves around the ring towards the bottom (P1 in the figure). 

function of height for a 6-inch horizontal ring above ground (aspect ratio b/a = 7.0). The figure a
s the angle to the maximum field po

near the bottom of the ring (α => 90°) and the maximum and bottom gradients are nearly the sam
As the height increases, the maximum field point moves out towards the edge of the ring (α => 0°) 

 there is more difference between the maximum and bottom gradients. Thus, Rs at the maximum 

larger value as the height increases. 

s the height increases, the capacitance of the ring, and therefore the total charge on the ring, 
mptotically approaches the

expressions for the capacitance of a toroidal ring in free space. Two of th

)/8ln( ab
b

C
C

S

T

⋅
⋅

≈
π

 For large aspect ratios (b/a  > 3.33) 

  
abC

C

S

T

/
07.168.0 +≈  For small aspect ratios (b/a < 3.33) 
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The relative error for the first equation is 4.5% (better than 1% if b/a > 8.33). The relative error f
second equation is less than 1%. Thomas notes that for small aspect ratios the capacitance of the
 is approximately 4/5th that of a sphere with 

or 
the  
ring radius b. 
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Figure 8-58.  Normalized gradients on a 6-inch ring above ground including angle α. 

Exa

 above 

m 
grad  design. An example 

T  using the 2-D computer program, and the 
 
 

bee  comparison, the normalized 
r 

4 an

mple Ring Aspect Ratio 7 

A set of computer calculations were performed for a ring with aspect ratio 7.0 located
ground, and the results are shown Figure 8-59. The curves in the figure are normalized and can be 
used to determine as a function of height the maximum gradient and its location as well as the botto

ient for any toroid having the same aspect ratio. These curves are useful for
of their use is given in the design section below. 

he horizontal ring data in Figure 8-59 were calculated
vertical ring data were calculated using the 3-D computer program as discussed in Chapter 4. The
gradients have been normalized to the gradient on a sphere in free space (E = V/a). The height has

n normalized to the minor radius of the toroid (a in Figure 8-56). For
gradient on a cylinder at the same height was determined using the exact equation derived in Chapte

d the results included in the figure.  
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Normalized Electric Fields on  Toroid
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ove ground, aspect ratio 7.0. 

n the 

because the charge concentrates on the bottom side of the ring, indicated by α approaching 90°. Note 

app rom below. This is attributed to the fact that the horizontal ring provides 
more shielding for the bottom than does a cylinder. For the case shown (b/a = 7.0), the field on the 

departure below the field on the cylinder occurs when b/a ≅ 4.5. 

maxim  are asymptotic to the same (free space) value as 

calculated using the 2-D computer program and are given in Table 8-11.  Note that Ebottom in the table 
 was 

Figure 8-59.  Normalized gradients for toroidal ring ab

Figure 8-59 shows that when the ring is well above ground the maximum and bottom fields o
horizontal ring are significantly different. As the ring approaches the ground, both the maximum and 
bottom fields are asymptotic to the value for an infinite cylinder (radius a) at the same height. This is 

the maximum field approaches the asymptote from above but the field on the bottom of the ring 
roaches the asymptote f

bottom of the ring is less than the field on the bottom of a cylinder when h/a < 10. The maximum 

Figure 8-59 shows that for horizontal rings as the height increases above ground the location of the 
maximum field point moves to the outside edge (α = 0°) and the fields on the rings asymptotically 
approach constant values corresponding to their values in free space. The figure shows that the 

um fields for the vertical and horizontal rings
height increases. The asymptotic (free space) values for rings with other aspect ratios have been 

was taken on the side of the ring corresponding to the bottom of the ring when horizontal.  Emax
taken at the outside edge of the ring. 
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The figure also shows that the maximum field on the infinite cylinder continues to decrease as 
height increases unlike for the rings. This is because the cylinder is infinite. The field on the rings, 
which are finite, approaches an asymptotic value. 

 

Table 8-11.  Normalized free space gradients on toroidal rings. 

b/a Ebottom*a/V 

P1 Fig. 8-56 

Emax*a/V 

P2 Fig. 8-56 

2 0.460 0.663 

3 0.366 0.530 

5 0.293 0.408 

7 0.263 0.349 

10 0.235 0.303 

15 0.213 0.258 

20 0.199 0.235 
 

than l ring. However, as the height approaches a value equal 
 
 on 

the vertical ring compared to the fields on a cylinder and a sphere, all with radius a. From the plot, it 
line 

with og scale. This line corresponds to the field in a parallel plate configuration of 

The figure shows that as height decreases the maximum field on the vertical ring increases faster 
 does the maximum field on the horizonta

to the minor radius, the maximum field on the vertical ring comes back to approach the maximum
field on the horizontal ring. To illustrate this better, Figure 8-60 gives a plot of the maximum field

is seen that when h/a << 1 both the curves for the cylinder and sphere are asymptotic to a straight 
 slope �1 on a log-l

the same height (Em = V/h). The maximum field for the vertical ring falls between the curves for the 
cylinder and sphere, and at small heights they all become asymptotic to the line with slope of �1. 
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brea
(Chapter 6) have been plotted on the same graph and are remarkably similar to the measured ring 

cyli  
form orizontal wet 

B , 
the urvature of the surface. 

 

data  horizontal rings is slightly greater than it is 

gradients on the 3-D vertical corona rings. 

ring
mum atio was 16.4 for the 1-inch ring, and the minimum was 3.4 for the 3-inch ring (Table 8-

Figure 8-60.  Vertical ring bottom (maximum) field compared to cylinder and sphere. 

Discussion of Measured Data 
The critical gradient curves shown in Figure 8-51 show the expected dependency of decreasing 

kdown gradient versus ring minor-diameter. The formulas developed for cylinders at 30 kHz 

data. The figure shows that the dry horizontal ring data are an excellent fit to the formula for dry 
nders (curve labeled �wires dry�). Similarly, the wet vertical ring data are an excellent fit to the
ula developed for wet cylinders (curve labeled �wires wet�). The vertical dry and h

data for rings are only slightly below the curves for vertical cylinders. 

ased on the theoretical considerations of Chapter 2 and the discussion of surface curvature above
critical breakdown field should be inversely related to the radius of c

Thus, the expectation is that the breakdown field would be greatest for the vertical ring configuration,
and the data do indicate this is the case for wet conditions. However, for the case of dry rings, the 

 indicate the opposite in that the critical gradient for
for vertical rings. The reason for this is not known at this time; however, it could be due to the 
presence of the support pipe, ground, and/or other objects that changed the fields enough to cause 
this effect as discussed below. It is also possible that this is a result of error in calculating the 

The concept of the surface radius of curvature, Rs, is useful in interpreting the breakdown data for 
s. The aspect ratio of the various rings used in the measurements varied considerably. The maxi-
 aspect r

12). The average of the aspect ratio for the five rings was 6.8. 
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The value of Rs varies with position on the ring. The maximum value is equal to the ring mino
eter (a, or r

r-
diam 2) and occurs where alpha is + 90o (Figure 8-56). The minimum value occurs a

o
t the 

valu  minor radius (a). The ratio of minimum Rs to minor radius is given 
l-

to be greater than for another ring with the same minor diameter but with a larger aspect ratio. 

Ring diameter b/a Min R (min R )/ a 

outside edge of the ring where alpha is 0 . Table 8-12 also contains the calculated minimum and 
maximum values of Rs for the rings used for the breakdown measurements. Note that the minimum 

e of Rs is always less than the
in the last column. The 3-inch ring has the smallest value of this ratio (71%) because it has the smal
est aspect ratio. Thus, at least for dry conditions, the critical gradient for this ring would be expected 

 

Table 8-12.  Equivalent radius of curvature for test rings. 

(inches) 
s s

1 16.4 0.47 0.94 

2 6.2 0.86 0.84 

3 3.4 1.06 0.71 

6 4.0 2.25 0.75 

8 4.0 3.00 0.75 
 

or 

3-inch ring is only  ring. The most anomalous point occurred for dry 

This is because breakdown for dry conditions occurs at the maximum field point, which is near the 

 
corresponding increasing the critical gradient. 

Thi own seems to occur on the bottom of the ring, and 
 

indi s off may actually be slightly 
up on the ring.  

F ed by plotting the data versus the minimum 
value of R . This indicates that the using the minimum value of R  as an equivalent radius allows the 

The average value of the aspect ratio for the rings used to generate the curves in Figure 8-51 was 

hav The measured data points are good estimates for rings 
 

the s valent radius. 

 rings 
there is a tendency can be attributed to the 
fact that the maximum field point moves toward the outer edge of the ring, thereby increasing Rs as 

The data shown in Figure 8-51 are consistent with this hypothesis in that the critical gradient f
the 3-inch ring lies above a smooth curve drawn through the other points. In fact, the gradient for the 

 a little below that for the 2-inch
conditions, where the critical gradient for the 3-inch ring was slightly greater than for the 2-inch ring. 

outside edge of the toroid, where Rs is a minimum. Since the 3-inch ring has a smaller minimum 
value of Rs due to the higher aspect ratio, for dry conditions it would be expected that it would have a

The critical gradients on the 3-inch ring for wet conditions were also high, as seen in the figure. 
s is surprising since for wet conditions breakd

the mean radius of curvature on the bottom of the ring is not a function of aspect ratio. This may
cate that the controlling gradient for the region where the water drop

or both the dry and wet cases, the curves are smooth
s s

critical gradient curves to be adjusted for differences in the aspect ratio of the toroidal rings. 

6.8. The smooth curves and formulas are a good estimate of the critical gradient for corona rings 
ing approximately the same aspect ratio. 

having aspect ratios that correspond to that of the rings measured, which are different for each minor
diameter. An approximation for other aspect ratios can be obtained from the curves and formulas for 

aspect ratio 6.8 by using the minimum value of R  as an equi

Note that data given in Figure 8-53, gap factor for dry conditions, indicate that for horizontal
 for the critical gradient to increase with height. In part this 
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the height increases. For vertical rings, there is a slight tendency for the critical field to decrease
ht. This is not related to a changing value of R

 with 
heig al rings the maximum field is 

ring 
ay 

from

 criti-
cal  This is anomalous in that it would 

e at 
grea  a support rod, configured differently for the vertical 
and horizontal cases (Figures 8-36, 8-37, 8-38). For horizontal rings, this rod affects the position of 

 
the 
ring  charge on the bottom of the ring, causing the field to fall faster, 

nt. 

T asis of a high-voltage design procedure for toroidal 

sen given in Table 8-13 and plotted in Figure 8-61. Note that the 

 

gs. 

s because for vertic
always on the bottom. However, this could occur due to the charge becoming less uniform as the 
approaches ground. The resulting charge concentration causes the field to fall off more rapidly aw

 the bottom of the ring. 

Figure 8-53 indicates that the critical gradient for the horizontal rings somewhat exceeds the
gradient for the vertical rings for heights above 30 inches.

normally be expected that the two gradients would asymptotically approach the free space valu
t heights. However, in this case there was

the maximum field, moving it away from the point where Rs is minimum. This may be the cause for
higher value of critical gradient for the horizontal rings. Similarly, the support rod on the vertical 
s tends to concentrate the

possibly resulting in a decreased critical surface gradie

Design 
he curves shown in Figure 8-51 form the b

rings. Formulas for the critical gradient of toroidal rings have been developed using the data pre-
ted in Figure 8-51. The formulas are 

asymptotes for the ring curves are the same as for the cylinder curves. The asymptote is 17.24 kV/cm 
for the dry case and 3.1 kV/cm for the wet case. 

Table 8-13.  Breakdown gradient (rms) formulas for toroidal rin

Configuration Formula 

Vertical Wet 55.00.181.3 cmc dE +=  

Horizontal Wet 64.09.141.3 cmcE = d+  

Vertical Dry 51.09.1025.17 cmc dE +=  

Horizontal Dry 52.05.1225.17 cmc dE +=  

 

T al ring configuration above ground is similar to that 

T  determine the 
ed in 

 
for vertical or horizontal rings with an 
a good appro alized maximum field on the bottom of the ring that has been 

he approach for analysis or design of a toroid
described in the section above on rods and in Chapter 6 for cylinders. 

he first step in determining the breakdown voltage for a given configuration is to
normalized gradient G0 per unit length. This can be done with a computer program as describ
Chapter 4. Alternatively for rings with no support rods values of G0 can be taken from Figure 8-59

aspect ratio of 7.0. For vertical rings with no support structure, 
ximation to the norm

verified for aspect ratios between 5 and 10 is given by the following formula. 

)/(
1maxmax aEaE

+
⋅

=
⋅ ∞

ahVV
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 where ∞maxE  is the gradient on the outside edge of the toroid in free space taken from Table 8-
11. 

Estimates based on rings with no support structure give conservative results (lower than actual 
breakdown voltages) because the support members normally reduce the gradients. Note that for dry 
rings the maximum gradient is used, but for wet conditions the gradient on the ring where the water 
drips off is used. For horizontal rings, this would normally be the bottom. However, for outside 
conditions the wind may cause the water to drip off anywhere including where the gradient is 
maximum.  For this reason, the maximum value G0 is used for outdoor rings, especially on guy 
insulators hung at angles. Again, this is conservative in that it leads to lower estimated breakdown 
voltages. 
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Figure 8-61.  Critical gradient (rms) for toroidal rings and curve fit formulas. 

The next step is to determine the critical gradient for the configuration being considered. The criti-
cal gradient for the particular size ring can be read off Figure 8-61, or the formulas in Table 8-13 can 
be used. The curves and formulas were developed from measurements on several rings having differ-
ent aspect ratios. However, the average aspect ratio for these rings was slightly less than 7.0. If the 
ring aspect ratio differs significantly from this value, the critical gradient may need to be adjusted. As 
discussed in the section above, the critical gradient will be less for rings with larger aspect ratios and 
greater for rings with smaller aspect ratios. There is not enough data to quantify this effect, but when 
the aspect ratio is considerably different than 7.0, we recommend using the equivalent radius of 
curvature (converted to diameter) in the formulas to get a better estimate for the critical gradient. 
This critical gradient is then adjusted by the ring gap factor, but only for wet conditions.  

Once the critical gradient has been determined, the breakdown voltage is determined by dividing 
the critical gradient by the normalized gradient. 

8-66 



VLF/LF High-Voltage Design and Testing  Chapter 8 Parallel Plates, Rings, Rods, and Spheres 

  
0G

V c
c =  

E

 
and 

wit  dry conditions are plotted as pairs for the vertical and hori-

than tal rings. This is due to the fact that for horizontal rings the maximum gradient point 

con

Values for the breakdown (flashover-flare) voltage for dry conditions calculated in this way are
shown in Figure 8-62. These voltages have been calculated for rings having an aspect ratio of 7.0 

hout support members. The curves for
zontal orientation of the same size ring. The breakdown voltage for vertical rings is somewhat less 

 for horizon
moves closer to the ground as the ring approaches ground, reducing the equivalent radius of 
curvature as discussed in the section above. As the elevation increases, the two curves tend to 

verge to the free space values. 

 

Horizontal and Vertical Rings, Dry at 30 kHz 
 Breakdown voltage parametric in ring minor diameter
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rings, (b/a = 7). Figure 8-62.  Calculated dry breakdown voltage for 
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Vertical Rings, Wet at 30 kHz
Breakdown voltage parametric in ring minor diameter
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T
and r wet conditions, horizontal rings have considerably greater break-

orizontal 
akdown voltage is 

Figure 8-63.  Calculated wet breakdown voltage for vertical rings, (b/a = 7). 

 

he calculated breakdown voltage for wet conditions is shown in Figures 8-63 for vertical rings 
 8-64 for horizontal rings. Fo

down voltage than vertical rings. This is because for wet conditions the controlling gradient is on the 
bottom where the water falls off. For a given voltage and height, the bottom gradient on a h
ring is considerably less than the bottom gradient on a vertical ring; thus the bre
less for vertical rings.  
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Horizontal Rings, Wet at 30 kHz
Breakdown voltage parametric in ring minor diameter
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F  is common to use more than one insulator in series to withstand 
lators in 

e 
insu  out only 
one apacitive 

current in the arc. Assuming the voltage remains constant, the arc current is limited by the capacitive 

A n for a VLF antenna having insulated guy wires is 

ligh
other airborne foreign material, can cause a flashover at a single insulator. If an arc occurs across a 

until the transm entarily powered down. A picture of this phenomenon for the topload guy 

insu
period of time. These insulators have since been replaced. 

r 
exa  of Sardinia, Italy, uses strings 

Figure 8-64.  Calculated wet breakdown voltage for horizontal rings, (b/a = 7). 

CONTINUOUS ARCING 
or very high-voltage hardware, it

the voltage. For example, VLF antennas using guyed towers often use several breakup insu
each guy wire. For this type of configuration, it is possible for an arc to form across one of th

lators in the string without shorting out the circuit completely. In this case, the arc shorts
 insulator and the current in the arc is carried across the remaining insulators by c

(displacement) current. Thus, the capacitance across the insulators that are not shorted out feeds the 

reactance across the insulators that are not shorted out. 

 schematic diagram of this type of situatio
shown in Figure 8-65. For this type of situation, an arc can be triggered across one or all of the 
insulators by some external cause. For example, a charged cloud overhead or direct or nearby 

tning strikes can cause some or all the insulators in a guy wire to flashover. Also, dirt, insects, or 

single insulator in a string while transmitting the change in antenna impedance may not trigger the 
transmitter cut off. In that case the transmitter can continuously feed the arc and it will not extinguish 

itter is mom
insulators at the Navy�s VLF site in Aguada Puerto Rico is shown in Figure 8-66. In the case of the 

lators at Aguada, the arc formed inside of the porcelain cones and destroyed them in a short 

This type of phenomena has been observed for other types of insulators operating in strings. Fo
mple, the NATO VLF site at Tavolara, an island off the East Coast
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of 24 fail-safe insulators placed next to each other. The insulators near the center of certain of th
gs have experienced electrical damage due to sustained arcing. 

ese 
strin

 

 

Figure 8-65.  Umbrella toploaded monopole showing guy insulators. 
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Figure 8-66.  Continuous arc inside of cone insulator at Navy VLF site Puerto Rico. 

An arc needs a minimum amount of current in order to be self-sustaining. The amount of current 
 required 

described above. The initial test setup consisted of a 1-inch rod passing through the parallel plate 
facing the end of a Racal Decca AST 8040 insulator. The second test setup consisted of two parallel 
plates on each side of the Racal Decca AST 8040 insulator. In this case, the 6-inch corona ring was 
suspended beneath the insulator. A 10-inch sphere mounted on a pneumatic actuator opposed this 
ring. The second test setup is illustrated in Figure 8-67 and pictured in Figure 8-68. The pneumatic 
cylinder was used to put the rod close to the plate to initiate the arc. Once the arc was initiated, the 
cylinder was then deactivated to allow the gap to reach the desired length. 

As shown in the drawing, the current was measured using a Pearson current transformer, and the 
voltage was measured using a Jennings high-voltage voltmeter. The frequencies used for these 
measurements were 29 and 49 kHz. The gap was adjusted for distances from about 1-inch to a 
maximum of 16-inches. The procedure involved adjusting the gap to the desired length with the 
pneumatic cylinder deactivated. The pneumatic cylinder was then activated so that gap became small 
(a few inches). The transmitter was turned on, the resonant circuit tuned, and the voltage raised until 
the gap flashed over. The arc did not short out the high-voltage test circuit because the large insulator 
withstood the voltage. The capacitance between the circular plates sustained the current through the 
arc. 

required depends on the length of the arc. A series of measurements of the minimum current
to sustain an arc were made at Forestport in conjunction with the parallel-plate measurements 
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Once the arc was formed, the transmitter power was decreased slowly and the arc current and volt-
age monitored. Eventually, the arc extinguished and the current went to zero. The last current value 
read just before the arc extinguished corresponds to the minimum current required for sustaining an 
arc, and this value was recorded. Note that for fixed spacing the voltage across the arc increased as 
the arc current decreased, corresponding to the (well-known) negative resistance characteristic of an 
arc. The last voltage read just before the arc extinguished was the maximum, and this voltage was 
recorded. This voltage is plotted in Figure 8-69. 

The minimum current measured just before extinguishing is plotted in Figure 8-70. Note the nearly 
linear dependence of the minimum current to sustain the arc on the length of the arc. The minimum 
current to sustain the arc is small, being less than ½-amp for the longest spacing measured. The slope 
at 29.5 kHz is 21.3 milliamps per inch of gap spacing. The slope at 49.3 kHz is 33.0 mA per inch of 
gap. It seems likely that the minimum arc sustaining current continues this frequency dependence, 
i.e., being less at lower frequencies and greater at higher frequencies, but we do not have data to 
verify this. 

The design application for this concept is to ensure that each insulator has a large enough gap 
length such that if it were the only insulator in a string to flash over, the current that would flow 
through that gap would not be sustained. This design criterion is in addition to the criteria that the 
insulator should withstand the RF voltage imposed by the transmitting system.  
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Figure 8-67.  Drawing of arc current and voltage measurement setup. 
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Figure 8-68.  Arc current and voltage measurement test setup. 
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Figure 8-69.  Arc extinguishing voltage. 
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